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Orthopedic metal implant materials may mediate a variety of adverse tissue 
reactions by releasing ions through corrosion. Adverse tissue reactions include 
inflammation, fibrosis and hypersensitivity, which may eventually lead to implant failure.  
The goal of this study was to provide a better understanding of the cellular-material 
interaction at the metal surface. The hypotheses were that the attachment of macrophages 
on alloy surfaces and their released reactive inflammatory compounds alter alloys’ 
corrosion and surface properties and that changes in corrosion and chemical properties of 
the surfaces affect cell behaviors. To evaluate these hypotheses, a electrochemical 
corrosion cell was used to evaluate how cell culture medium, macrophage cells and 
macrophage cells activated to simulate inflammation affected the corrosion and surface 
properties of Co-Cr-Mo and Ti-6Al-4V and how released alloy corrosion products affected 
cell behaviors. The alloy corrosion properties were evaluated by measuring the open 
circuit potential (OCP), charge transfer, metal ion release, and changes in alloy surface 
  
 
oxides. Proliferation, viability and metabolism were used to evaluate effects of corrosion 
products on the cells.  
The OCP of Co-Cr-Mo remained unchanged whereas that of Ti-6Al-4V increased 
over three days for all three test conditions. Both alloys cultured with medium had the 
lowest OCP among all conditions. With activated macrophage cells, both alloys had the 
lowest total charge transfer and metal ion released. This improved corrosion resistance was 
mostly due to an enhancement of the surface oxide due to the reactive species released 
from activated cells, as indicated from the surface analyses. Both alloys were found to 
have increased atomic percentage of O and Ti or Cr peaks, which indicated an increase of 
Ti and Cr oxides. 
Corrosion products released from the alloys over three days were very low and did 
not affect macrophage cell viability, NO and iATP release, which is consistent with the 
good biocompatibility of these alloys. However the IL-1β released from the activated cells 
were higher on the alloys compared to the controls. 
The data support the hypothesis that cells affect alloy corrosion and surface 
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Biocompatibility has been defined as the state of mutual coexistence between the 
biomaterials and the physiological environment such that neither has an undesirable effect 
on the other (Tang et al. 1995; Santerre et al 2000; Amstutz et al. 1992; Kavanagh et al. 
1994). For orthopedic implant materials, biocompatibility depends on both mechanical and 
corrosion/degradation properties. Implant devices for large joints such as knees and hips 
are composed of metals/alloys to support heavy loads and stresses. Cobalt- and titanium- 
based alloys are widely used in orthopedic devices due in part to their high strength and 
fatigue properties. Improper placement or fixation of the devices or gross elastic 
dissimilarity between the material and bone are of concern and may contribute to 
osteoporosis and bone atrophy through stress shielding of the bone (Williams, 1987). 
Besides their high strength and fatigue properties, the cobalt and titanium based alloys also 
have excellent corrosion resistance. Cobalt-based alloys depend on a protective chromium 
oxide for their corrosion resistance and titanium-based alloys depend on a protective 
titanium surface oxide. Corrosion of orthopedic implant materials results in the release of 
metallic ions, such as Co, Cr, Ni, Al and V, which have the potential to cause 
hypersensitivity, toxicity and carcinogenic reactions (Hallab et al. 2001; Kanerva et al. 
2001; Granchi et al. 2000; Schedle et al.1998; Signorelo et al. 2001; Memoli et al. 1986). 








Corrosion of Biomaterials and Product Distribution 
The nature of body chemistry is considered complex and highly variable due to 
the variety of different salts (NaCl, KCl, CaCl2 etc.), proteins (albumin, fibrin, collagen 
etc.), cells (osteoblasts, fibroblasts, monocytes etc.) and cell activities (tissue remodeling, 
immune responses, wound healing, neural activities etc.). It has long been recognized that 
this situation can be highly significant for implant alloy corrosion processes. For 
example, H+ and Cl- ions, which are abundant in normal physiological environment, are 
known to accelerate the dissolution of metal ions from implant alloys; in a solution with 
H+ and Cl- ions and low in oxygen, the metal ions are more likely to be released from the 
metal surface into solution (Fontana and Greene 1978) when compared to solutions 
without these ions. Factors such as low pH, high Cl- and H2O2 concentrations during 
inflammation and some proteins such as bovine serum albumin may accelerate the in vivo 
corrosion process (Wataha et al. 1998; Wataha et al. 2001, Clark and Williams, 1982). 
Active cellular processes may affect corrosion by other routes as well. For example, the 
local pH decreases during inflammation and this pH shift may disrupt the alloy surface 
oxides, also known as passive films. The disruption of passive film leads to increased 
corrosion, causing more metal ion release and more inflammation, leading to a more 
acidic environment and thus more corrosion (Park 1984).  
Metal particles and metal ions are released from implants through uniform 
dissolution and accelerated corrosion processes such as crevice, pitting, galvanic and 




the body fluid/tissue. It involves the general slow release of metal ions from alloy 
surface. Accelerated corrosion processes are of specific concern since they result in 
increased material loss which will decrease alloy mechanical properties as well as 
increase exposure of host tissue to corrosion products. 
Pitting is initiated by surface defects and high energy grain boundaries and 
accelerated by the stagnant flow with presence of corrosive ions and limited oxygen 
transfer in the pits. Pitting was frequently observed in older stainless steel fracture 
fixation hardware, e.g., on the underside of screw heads. It may also occur on the neck or 
the underside of the flange of proximal femoral endoprostheses (Black, 1988). Crevice 
corrosion occurs between two close surfaces or in constricted places where oxygen 
exchange is not available. For examples, 16-35% of modular total hip implants 
demonstrated moderate to severe crevice corrosion in the conical head - neck taper 
connections (Gilbert et al, 1993). Studies of retrieved stainless steel multipart internal 
fixation devices show visible crevice corrosion at the junction between screw head and 
the plate in 50-75% of all devices (Black, 1988).  
Galvanic corrosion happens between dissimilar metals (alloys) where the more 
electronegative one becomes the anode and the other becomes the cathode. An example 
of galvanic corrosion would be a titanium  alloy screw in contact with a stainless steel 
plate (Griffin et al, 1983). Fretting occurs between two articulating contact surfaces, for 
example, the articulating joints of hips and knees, so the surface atoms are constantly 




the head-neck coupling of a femoral stem and head is an important source of metal 
release that may lead to increased concentrations of ion in the serum (Brown et al. 1981).  
  The metals of particular concern in joint replacement are Ni, Co, Fe, Cr, Mo, Ti, 
V and Al since they are the major components of the most commonly used materials in 
orthopedic implants. Studies have shown elevated metal ions were found within patients 
with implants. Jacobs et al. in 1998 studied the metal-degradation products of total joint 
replacements. They measured the concentrations of Ti, Al, Co and Cr in the serum and 
the concentration of Cr in the urine of 75 patients during a three-year study. The results 
showed that, after 3 years, patients who have a well functioning prosthesis with 
components containing Ti have as much as a threefold increase in the concentration of Ti 
in the serum. Those who have a well functioning prosthesis with cobalt-alloy components 
have as much as a five-fold and an eight-fold increase in the concentrations of Cr in the 
serum and urine, respectively. They reported that the predominant source of the 
disseminated Cr-degradation products was probably due to the fretting corrosion at the 
head-neck coupling instead of passive dissolution of the extensively porous-coated 
cobalt-alloy stems. In a follow up study, they found patients with failed patellar 
components made of Ti alloy had a 50 fold higher Ti in serum compared to controls 
without implants (Jacobs et al. 1999). Leopold et al (2000) reported a patient with failed 
metal-backed patellar component had >500 ppb serum Ti concentration. That was 98 
times higher than before implant failure and > 100 times higher than patients with well-




Dobbs et al. (1980) reported a female patient with two bilateral Co-Cr-Mo total 
hip replacements, one had been in service for 14 years (metal-on-metal) and the other for 
5.5 years (metal-on-plastic). Although the metal-on-metal side had become painful, the 
patient remained active until she died. The measurements indicated that the 
concentrations of Co and Cr in the lung, kidney, liver and spleen were up to fifty times 
"Standard Man" values. High values occurred also in the urine and in the hair. The tissue 
adjacent to the metal-on-metal joint was heavily laden with metal wear debris, whereas 
that adjacent to the metal-on-plastic joint was relatively uncontaminated. The 
concentration decreased with distance from the implant. Co predominated in the urine, 
whereas Cr predominated near the implants (1 to 100 ppm range). 
Bouchard et al. (1992) demonstrated that Al3+ is selectively leached from Ti-6Al-
4V. Concentrations of Al in body fluids observed over multiyear time periods increased 
with exposure times and fell after implant removal. Elevated Al also was reported in non-
articulating Ti-6Al-4V implants in vitro (Bruneel et al. 1988). Corrosion product 
containing Al3+ from implants is of particular concern because of its toxic effects. The 
toxicity usually results from its competition with other metal ions (e.g. Mg2+) in enzymes 
and proteins. The nervous system is especially susceptible to Al3+ toxicity. In humans, 
Alzheimer's disease, dialysis encephalopathy and Parkinson-dementia complex are some 
examples of maladies linked to Al3+ interference.  
Ni is a major cause of metal hypersensitivity since 12-15% of normal population 
is estimated to be allergic to this metal (Merrit 1984; Merrit 1986; Yamamoto 2002). 




patients implanted for eight years with Ni-Fe-Cr intramedullary nails and in twelve 
patients with Ni-Fe-Cr bone plates for 13 years respectively. They found mostly crevice 
corrosion with these devices and the metal ion concentrations increased with time. 
Wataha et al. (2001) implanted Ni wire subcutaneously in the rats for 7 days and found 
released Ni ion (48 µg/g) in tissue caused necrosis and severe inflammation of tissues up 
to 5 mm away from the wire. The Ni concentration in tissue adjacent to Ni-Cr wire was 
about 12 times less than that of pure Ni, around 4 µg/g and no signs of damaged tissue. 
No detectable Ni was found in tissue near polyethylene (control).    
Corrosion of implant alloys has been seen in all types of devices in different 
forms. The corrosion products, including metal ions and particulates, usually accumulate 
locally and cause inflammation, tissue damage and fibrosis surrounding implants and 
eventually result in implant failure. It is important to examine the causes and the 
mechanisms of corrosion in vivo and its effects in order to improve the performance of 
implant devices. 
 
Electrochemical Corrosion Testing  
Performing in vivo corrosion tests, when compared to in vitro tests, are not always 
possible; it requires more techniques and qualified personnel and is more time consuming 
compared to in vitro tests. On the other hand,  in vitro corrosion tests can not precisely 
replicate all the in vivo conditions of the implants but they are faster than in vivo tests and 
can target on specific effects of a single factor (pH, Temperature, cells etc.) and usually 




There are several ways to measure and predict the corrosion behavior of medical 
implant alloys that simulate the in vivo situation. For example, Electrochemical 
Impedance Spectroscopy can be used to approach the oxide’s resistance and capacitance 
as well as model the oxide with a electronic circuit to further predict the corrosion 
behavior in different conditions. Potentiodynamic test scans through a high amplitude DC 
voltage and the current vs. voltage curves provide information about the corrosion 
potential, breakdown potential, repassivation potential, and corrosion current density of 
the test alloys. The area of hysteresis in current vs. voltage curves indicates the 
susceptibility of metal to pitting corrosion. Linear polarization tests apply potential 10 
mV more and less than corrosion potential to predict the corrosion current from the slope 
of potential vs. current (slope= 0.026 / corrosion current) (Fontana, 1986); Direct 
measurement of metal ion concentration in solution using atomic emission spectroscopy 
or atomic absorption spectroscopy can also be used to correlate to the corrosion current 
by using the Faraday’s Law (r = iA/nF; r: corrosion rate (g/s-cm2); i: current density 
(A/cm2); A: atomic weight (g/mole); n: valency (-); F: Faraday’s constant (96500 
coulomb/mole)). In general, the lower the open circuit potential (Ecorr) and the higher the 
corrosion current (icorr) are, the more corrosive the alloys are and thus less desirable for 
implant applications. 
Most in vitro corrosion tests are done in simple salt solutions (phosphate buffered 
solution (PBS), Hank’s balanced salt solution (HBSS), artificial saliva etc.) to simulate 
the ion concentration and pH of body fluids. Ti-6Al-4V tested by potentiodynamic 




good corrosion properties (Venugopalan and Gayden 2001; Zardiackas et al, 1996; 
Imman and Fraker, 1996). The open circuit potential (Ecorr) was noble (95 mV vs. 
standard calomel electrode (SCE)) with low corrosion current density (icorr = 26 nA/cm2) 
(Venugopalan and Gayden 2001; Zardiackas et al, 1996) and the material translated into 
a passive behavior without active-passive transition. The alloy did not exhibit a 
breakdown potential or pitting potential in the range of 0 – 2100 mV vs. SCE, indicating 
that its surface oxide was very stable and provided the alloy corrosion resistance 
(Kovacs, 1993). This alloy was also demonstrated to have minimal release of metal ions 
into the periprosthetic tissue even in an extremely acidic medium (Kolman and Scully 
1994). While Ti-6Al-4V exhibits excellent corrosion properties, it is susceptible to 
fretting corrosion when subject to articulation and is not used for bearing components in 
articulating implants (Kawalec et al. 1995).  
Wrought Co-Cr-Mo has a lower Ecorr (-171 mV vs. SCE) and higher icorr (94 
nA/cm2) values compared to those of Ti alloys (Venugopalan and Gayden 2001; 
Chohateb et al. 1996). This alloy does not exhibit active-passive transition as they are in 
a passive state prior to testing. The passive region for this material is not as potential 
independent as Ti-6Al-4V and exhibits a secondary peak at about 500 – 700 mV vs. SCE 
corresponding to the oxidation reactions of Cr at a higher valence level. There is a 
transition from passive to transpassive behavior with a breakdown or pitting potential 
(Ebd = 450mV vs. SCE) (Venugopalan and Gayden 2001). It does not exhibit a hysterisis, 




resistance than most of the implant alloys and thus are used for making articulating 
components (Park and Lakes 1992). 
Galvanic coupling of implants made of different alloys results in accelerated 
corrosion. When coupling Co-Cr-Mo with Ti-6Al-4V, the OCP of Co alloy was reported 
to increase over time (Irby and Marek, 2000), indicating thickening of the surface oxide, 
whereas OCP of Ti alloy showed an initial maximum and a drop (initial thinning), 
followed by a slow increase over time (thickening over time). Although the corrosion 
current was low (~1 µA/cm2) for the first hour, with Co alloy being the anode, galvanic 
corrosion is a major concern for a long term in vivo application. Thus coupling different 
alloys should be avoided for most implant applications. 
Corrosion resistance is also affected by other factors such as the chemical 
composition (Huang, 2002) and the microstructure (Planko et al. 1998; Callister 2000) of 
the alloys. Huang evaluated six Ni based alloys and found only those with Cr 
concentration as high as 20% were resistant to pitting corrosion and had twice as high 
passive range compared to other Ni based alloy with Cr only around 13%. Though one of 
the low Cr specimen contained Ti, which is known to provide excellent pitting corrosion 
resistance, was not immune to pitting because Ti only composed ~4% of the bulk 
solution. Microstructures such as grain boundaries, impurities, manufacturing defects and 
porous structures etc. are all known to increase corrosion (Callister, 2000). Implant 
materials usually are treated with high temperature during manufacturing and that may 
alter or cause alloys to rearrange their microstructures and thus change their corrosion 




predispose the Co-Cr-Mo alloys to accelerated intergranular corrosion. Placko et al. 
(1998) reported Co alloys with more Cr carbides in the grain boundaries and finer grains 
show higher degree of metal ion release over time and more localized attack (pitting) 
compared to those with less Cr-carbides in the grain boundaries and with larger grain 
size.  
Proteins have been added to test solutions to further simulate the in vivo 
conditions. Proteins are reported to enhance or reduce corrosion of different types of 
metals (William and Clark 1982) and proteins of different molecular weights also have 
different efficiencies of combining metal ions (Hallab et al., 2001; Hallab et al., 2001). 
Mora et al. (2002) found that the presence of albumin accelerated copper corrosion at 
various pH and oxygen concentrations. Wataha et al. (2001) demonstrated the importance 
of defining exactly the composition of biological solutions used to assess in vitro 
corrosion and biocompatibility of dental casting alloys. They found more metal ion 
release occurred in saline-BSA solutions compared to saline alone for most alloys. The 
metal ion  release was less in the cell-culture medium than in the saline-BSA solution for 
most elements.  
Zhu et al. (1999) investigated three types of protein bovine serum albumin (BSA), 
gamma-globulin and hemoglobin with electrochemical polarization resistance 
measurements and found the corrosion rate of copper always increased with the presence 
of proteins and decreased with time; different kinds of proteins showed different 
dependence on copper corrosion rate. The copper corrosion rate in the presence of 




the proteins and these three proteins shifted the corrosion potential of copper towards 
negative. Omanovic and Roscoe (2000) used the electrochemical impedance 
spectroscopy technique to investigate the interfacial behavior of beta-lactoglobulin at an 
austenitic stainless steel surface over the temperature range 299 to 343 oC at an open 
circuit potential. The corrosion resistance value was found to be very sensitive to the 
amount of adsorbed protein (surface concentration), thus indicating that the adsorption of 
the protein was accompanied by the transfer of the charge, via chemisorption, and 
influenced the mechanism and kinetics of the corrosion reaction.  
Proteins are abundant in the human body and they deposit onto implant surfaces 
seconds after implantation prior to cell attachment. With their significant effects on 
corrosion, attention need to be drawn to proteins as to understand the corrosion behavior 
of metal implants in vivo.  
The role of cells on corrosion has not yet been established by corrosion tests. The 
presence of cells and their metabolism were reported to alter the composition and 
thickness of surface oxides, thus the alloy corrosion behavior might be different with 
cells present. There are different cells/tissues surrounding the implant in vivo and the 
effects of different cells/tissues on corrosion should be identified for improved 
understanding of the performance of implant in vivo. 
 
Effects of Metal Ion Release from Implants 
The first row of transition metals such as Co, Cr, Cu, Mn and Zn are present in 




insulin. Co3+ is found in vitamin B12 and Fe2+ is present in the hemoglobin molecule of 
red blood cells. Mg2+ is an element of bones and teeth. Mn is essential for healthy bones 
and Cr3+ plays a key role in glucose metabolism. Cu deficiency gives rise to bone disease. 
Problems with metallic implants arise when corrosion or wear releases metal ions in 
abnormal locations or in quantities beyond what can be handled by the host. Released 
metal corrosion products may lead to hypersensitivity, toxicity and/or carcinogenic 
reactions. Most of these adverse reactions occur near implant sites since most corrosion 
products accumulate locally. Implants causing hypersensitivity and toxicity reactions 
eventually need to be removed for causing patient discomfort. For stress bearing 
orthopedic implants, osseointegration is important for keeping implant in contact with the 
bone tissue and ensuring proper load transfer. When metal ions accumulate, they activate 
macrophage cells, which release cytokines (interleukins, PGE2 etc.) that lead to bone 
resorption and attracts fibroblasts. Bone atrophy and fibrous tissue (made of fibroblasts, 
macrophage cells, and damaged cell debris) surrounding implant prevents 
osseointegration and retards load transfer. Inhibited load transfer further causes bone 
atrophy and eventually implant failure. 
 
Human and animal studies 
Recent studies have suggested that metal ions might bind to proteins as soon as 
they are released from the metal substrate (Wooley et al. 1997; Ingham et al. 2000). 
Metal ions bound to proteins, such as MHC molecules expressed on the surface of 




to type IV hypersensitivity reactions (delayed type hypersensitivity) as illustrated by 
contact hypersensitivity to metal ions in contact with the skin.  
Cr causes cell necrosis, activates phagocytes and leads to inflammation. Savarino 
et al. (1999) and Granchi et al. (1999) both suggested the presence of metal ions, 
especially Cr3+, released from orthopedic implants (Co-Cr-Mo) was associated with a 
decrease of lymphocyte subpopulation in patients with loose implants. Granchi et al. 
speculated that Co-Cr-Mo implants release metal ions which could mediate the priming 
or the renewal of a cell-mediated hypersensitivity reaction. Cr6+ is very biologically 
active and is a well-known carcinogenic and mutagenic agent (Kawanishi et al. 2002; Liu 
and Shi 2001; Chen 2001; das Neves 2001; Laffargue 2001). Studies have shown that 
Cr6+ in red blood cells induced cell-specific types of DNA damage (cross-links) in liver 
in 14-day chick embryos (Misra et al. 1994). In vivo and in vitro Cr6+ toxic effects are 
related to its intracellular reactions. Once inside the cell, it is reduced to stable Cr3+ by 
ascorbate (Diane 1994) or by creating radicals such as OH.- (Wink 1994) that can futher 
damage cells or RNA and DNA. Black suggested that Cr released in the biologically 
active Cr6+ form from their observation of dose-related lung disease and late elevation of 
the urine/serum chromium ratio seen in animal models (Black et al. 1987; Black 1994). 
As Cr5+ and/or Cr4+ intermediates have been reported in Cr6+ reactions with biological 
reductants, chromium damage is thought to originate from these chemical species (das 
Neves et al. 2001). Cr6+ binds to or enters cells and is not eliminated from the body until 
the cells are eliminated (Merrit and Brown 1983; Merrit et al. 1989). Laffargue (2001) 




after a femoral fracture treated by stainless steel plate-screw fixation. Dispersion energy 
spectrometry of intracellular particles on the periphery and at the center of the tumor 
demonstrated the presence of Cr, Fe and Ni at different concentrations. The presence of 
metallic components in tumoral cells suggests a possible relationship between metallic 
implants and malignancy.  
The location of the release of aluminum ion may have a marked impact on 
homeostasis. Aluminum binds to bone and is associated with osteomalacia (which means 
soft bones, the osteoid does not mineralize properly, usually is related to abnormalities in 
vitamin D). Aluminum deposits have also been found in brains of healthy individuals. 
Brain and bone accumulation of Al in patients who are undergoing chronic renal dialysis 
has been a major concern (Escalas et al. 1976; Oppenheim et al. 1989). Nasu and Suzuki 
(1998) studied the mechanism of the inhibition of K+-induced muscle contraction caused 
by Al3+ in guinea pigs. They also found that with increasing duration of Al3+ treatment, 
Al3+ ions accumulate in intracellular compartments and may exert an inhibitory action 
inside the muscle cells. The possibility of Al from implant material corrosion should be 
well monitored and the concentration of aluminum should be kept low. 
Rostlund et al. (1990) evaluated tissues surrounding nitrogen implanted Ti 
implants inserted in the abdominal wall of rats after 1 and 6 weeks. After 1 week the 
implants were surrounded by a fluid space containing proteins and scattered macrophages 
but few polymorphonuclear granulocytes. After 6 weeks the fluid space had largely 
disappeared around implants. Around the implants, macrophages predominated in the 




present in almost all sections. Around the implants, fibroblasts increased and 
macrophages decreased with increasing distance from the surface. Macrophages close to 
titanium were large and had an active appearance as indicated by the presence of large 
amounts of endoplasmic reticulum and large Golgi areas in the cytoplasm. 
Al-Bayati et al. (1989) observed that Vanadate (V5+) at a dosage concentration of 
0.9 mg/kg body weight / day produced acute toxic signs in rats when injected 
subcutaneously for 16 days. These signs were weakness, loss of appetite, dehydration, 
significant reduction in body weight, nose bleeding, and death. The pathological and 
biochemical changes were most severe in kidney tissue. At two days, degenerative and 
necrotic changes of the renal tubular and glomerular epithelium, thickening of glomerular 
membrane, vascular congestion, and edema were observed. The renal lesions were 
coupled with changes in the concentrations of protein, RNA, DNA, and hydroxyproline. 
Stained tissue sections from liver, lung, heart, spleen, thymus, lymph nodes, testes, and 
adrenal glands of the treated appeared normal. Biochemically, significant changes in 
protein, RNA, DNA, and hydroxyproline were also observed in these organs. At lower 
dosage (0.6 mg V/kg per day for 16 days), similar but less severe pathological and 
biochemical changes in kidneys and other organs were observed. At 0.3 mg V/kg per day 
for 16 days, the changes in the tissues were detected only at the biochemical 
concentration. 
Clinical retrieval studies and animal models have shown metal ions released from 
implants may cause adverse tissue reactions from genetic alteration, cell necrosis to 




react to different ions and their toxicity effects to improve selections of  metal materials 
in applications of implant devices.   
 
In vitro studies 
 
 
Toxicity effects on cell proliferation and viability 
Granchi et al. (1998) suggested that if a high amount of Co were released from 
metallic particles, necrosis and strong inflammation would ensue. If only low 
concentrations of ions were released, apoptosis would favor a tissue adaptation to the 
implant because the event is silent and does not lead to danger signals that induce 
inflammation. In some ways, this result agrees with the in vivo data. Inflammatory events 
periprosthetically have been reported to be rare in the early stages but may occur with 
increased duration of implantation, whereas the accumulation of metal debris in the 
draining lymph nodes has been shown to lead to necrosis inflammation. 
Bearden and Cooke (1980) exposed fibroblasts to CoCl and NiCl solutions in a 
concentration range of 7.5 to 30 µg/ml. At all Co concentrations, they observed depressed 
growth rates. Ni solutions enhanced the cellular growth rates at the lower concentrations 
of 7.5 µg/ml, but depressed the growth rate at 30 µg/ml.  
Metal ions may also contribute to bone resorption by impairing osteoblast growth 
and function (Lee et al. 1997; Wang et al. 1996; Liu et al. 1999). These reports have 
demonstrated that Ti and Cr ions increased the release of proinflammatory cytokines such 




Thompson et al. (1996) found that calcium concentrations were reduced when ions from 
Ti-6Al-4V were added before a critical point of osteoblast differentiation. The results 
indicated that ions associated with Ti-6Al-4V alloy inhibited the normal differentiation of 
bone marrow stromal cells to mature osteoblasts in vitro, suggesting ion release from 
implants in vivo may contribute to implant failure by impairing normal bone deposition.  
The amount of Mo utilized in implant materials is very small and unlikely to 
cause problems (Evans et al. 1986). However more studies are needed on the distribution, 
elimination and toxicity of Mo. 
 
Toxicity effects on cell ultrastructure and morphology 
In vitro investigations examining at the ultrastructural organization of cells as an 
indication of cell damage have also been conducted. Trump et al. (1973) suggested that 
in vivo cell damages due to metal ion exposure, beginning with a normal resting cell and 
ending in cellular death, were irreversible even if metal ions were removed from the 
solution later on. Subsequent in vitro studies (Frank and Griffin 1985; Messer et al. 1999 
a/b) showed that cellular ultrastructural damage induced in vitro by Co or Ni was similar 
to the events described by Trump for cells under in vivo trauma conditions. Messer et al. 
(1999a) examined the in vitro ultrastructural features to components from Ni-Cr dental 
alloys. It was found that the severity of the cellular response increased when the 
concentration of the components increased. The dose-response correlation was stronger 
in vitro than in vivo. As the severity increased, the cells showed a decrease in rough 




organization. Messer et al. (1999b) previously reported on the individual effect of each 
ion and its critical dose. They monitored the changes in metabolic activity of gingival 
fibroblasts exposed to metal ion solutions and found Cr6+ and Be2+ were the most toxic, 
causing cellular alteration at 0.04-12 ppm, followed by Cr3+ and Mo6+ and Ni2+ at 10, 
100, and 3-30 ppm respectively. They reported that cytotoxic substances attack at the 
molecular level, and these effects are reflected in the structure of the cells and organelles. 
The experiment evaluated the cellular morphology and ultrastructural changes of human 
gingival fibroblasts exposed to salt solutions of ions important to implant alloys (Cr3+, 
Cr6+, Ni2+ and Mo6+). The effects observed under SEM and TEM included irregular 
shaped nuclei for cells exposed to Cr6+ and Ni2+, pseudopodia for cells exposed to Mo2+, 
and lipid droplet formation for cells exposed to Ni2+.  
 
Toxicity effects on cell functions 
 
Immune cells 
A recent study showed that metal ion release from hip prostheses correlated with 
a depression of immune system; Donati et al. (1998) found Cr, Co and Ni ions in the 
blood of 17 patients with joint prostheses. They had a significant decrease in leukocyte, 
lymphocyte and T lymphocyte sub-populations. Cytokine release by lymphocytes (IL-2, 
IL-4 and IFN-γ), proliferation of T and B cells, and immunoglobulin production by B 




results were seen when debris of titanium and cobalt-chromium alloy were present in the 
peritoneal cavity of female mice after 12 weeks (Wang et al. 1997).  
Metal ions were shown to affect the behavior of macrophages and in turn affect 
the immune responses of the host tissues. Wataha et al. reported that metal ions (Ni, Au, 
Cu) released from dental alloys could activate macrophages to express IL-1β, TNF-α and 
the result could be amplified with the presence of LPS (Wataha et al. 1996 and 1999). 
They also found that metal ions induced macrophage cytotoxicity such as decrease their 




Nichols et al. (1997) suggested that instead of activating osteoclasts to cause bone 
resorption, metal ions such as Ti4+, Al3+, V5+, Cr6+ and Mo6+ decrease osteoblast activity. 
Hypersensitivity effects of Co appear to be similar to Ni (Merrit 1987). Co is not 
generally considered carcinogenic because of the rapid removal. However, in vitro 
studies have indicated that Co produces is more cytotoxic to human osteoblasts than 
other elements (Mo, Cr, Al, Ti) (Hallab 2002). Morais et al. (1998) tested sub-toxic 
concentrations of Co2+ and Cr3+ ions on the differentiation of osteoblast cell lines in vitro. 
The 50% toxic dose was 208µg/L for Co2+ and 1960 µg/L for Cr3+. At concentrations 




These findings suggest metal ions play a role in periprosthetic pathology and 
contribute to implant failure by impairing bone repair while allowing fibrous tissue 
formation following debris-induced osteolysis. 
 
Fibroblasts 
Doran et al. (1998) demonstrated a dose dependent toxicity and neoplastic 
transformation of CoCl2 and CrCl3 on mouse fibroblast cells; though they only induced 
transformation at a high concentration; 1200µg/ml. This study did not allow definitive 
conclusions about the carcinogenic potential of the metal ions but did indicate that Co ion 
may constitute a hazardous risk for Co-Cr-Mo implants. 
In general, tissues exposed to elevated ion concentrations through abnormal 
pathways such as implant dissolution processes are reported to have adverse tissue 
reactions. It is still not known how the ions are released and what causes these reactions. 
This study will provide new information as to possible causes.   
 
Surface Oxides of Implant Alloys and Their Characteristics 
For the Co-Cr-Mo and Ti-6Al-4V alloys, corrosion resistance is derived from 
their ability to form surface oxide films and to retain them under in vivo conditions. The 
surface oxide of the alloys provides a protective layer to prevent the alloys from further 
corrosion. In vivo, it is the surface oxide that directly interacts with the biological 
environment including proteins, cells and tissues. It can also initiate inflammatory 




materials can be increased by many orders of magnitude when fresh surfaces are exposed 
or surface oxides are disrupted as compared to materials with intact, protective surface 
oxides (Leopold et al., 2000; Jacobs et al., 1999).  
Oxides of implant alloys vary in many ways, including their thickness, elemental 
compositions and their relative percentages and oxidation states. These variations depend 
in part on the environment the surfaces contact. For example, tissue metabolic activity 
was reported to affect the thickness of the surface oxides. Sundgren et al., (1985) 
reported the thickness of stainless steel surface oxide implanted in bone marrow increase 
3-4 times compared to before implantation (5 nm) while it was unaffected when 
implanted in cortical bones. The reactive chemical compounds such as hydrogen 
peroxide, superoxide, and nitric oxide from activated macrophage cells further enhanced 
the metal oxides on the Ti-6Al-4V alloy surfaces (Pan et al. 1996 and 1998). Different 
surface treatments, including different passivation procedures (by using H2O2 or HNO3) 
(Kilpadi et al. 1998; Pan et al. 1998) and sterilization processes (heat or UV) (Kilpadi et 
al. 1998, Ohnsorge and Holm 1978, Vezeau et al, 1996) have also been reported to 
change the surface oxides. Pan et al. observed Ti oxide increase 10 fold after treated with 
100mM H2O2 in PBS for 30 days. Kilpadi reported passivation of pure Ti with HNO3 
resulted in thinner and less phosphorous incorporated surface oxide compared to non-
passivated Ti and dry-heat treatment increased the oxide thickness compared to non-
sterilized specimens.    
Milosev el al. (2000) found that the oxide layer of Ti-6Al-4V was predominantly 




oxide layer depended on the oxidation potential; the higher the anodic potential, the 
thicker the surface oxides were. Callen et al. (1995) discovered that the nitric acid 
treatment used to develop surface oxide and corrosion resistance in Co-Cr alloys and 
stainless steel may not work for Ti alloys. Nitric acid decreased the thickness of Ti-6Al-
4V surface oxide layer and increased the release of the trace elements, whereas it had no 
effect on pure Ti. Another study by Kilpadi et al. 1998, though showed that HNO3 
treatment altered the Ti oxide characteristics either directly by altering the oxide structure 
or indirectly by removing carbonaceous moieties (C=O, C-O, C-C, C-H etc.) that alter 
the oxide. The surface structure of Ti-6Al-4V has been reported as a porous outer layer 
and a protective, dense inner layer. Molosev (2000) reported that Al2O3 was incorporated 
in the outer layer close to the solution/oxide interface while TiO and Ti2O3 were located 
in the inner layer close to the oxide/metal interface. Pan (1997) also reported the oxide as 
a double layer and stated (Pan et al., 1998) that the inner layer is responsible for the high 
corrosion resistance of the alloys. 
The surface oxide on Co-Cr-Mo alloys is composed primarily of Cr2O3, with 
CoCr2O4 and CoO species (Strandman and Landt, 1982). Corrosion resistant oxides were 
proportional to the chromium content of the alloy, with the most corrosion resistant 
oxides developing on alloys with between 10-25% Cr. Smith et al. 1991, reported Mo to 
be present only at the oxide-metal interface. Heat treatments from 800-1200oC increased 
oxide thickness on Co-Cr-Mo by causing the oxide to grow into the alloy, though no 
chemical or structural difference between the layers was reported (Strandman and Landt, 




and Cr content and introduced nitrogen species into the surface oxide. Furthermore, it has 
been observed that different passivation and or cleaning procedures may remove 
contaminants, but may introduce others (Smith et al., 1991). Strandman and Landt (1982) 
reported heat treatment of Co-Cr-Mo resulted in the development of two separate layers 
within the oxide as observed by light microscopy. Smith (1991) reported the surface 
oxide on Co-Cr-Mo, which was about 5 nm, was relatively thinner than that on Ti alloys. 
Mo was not seen on the surface before ion sputtering.  
Surface oxides may change with their environment and these changes may affect 
the corrosion performance of the implant devices (Pan et al., 1998; O’Brian et al. 2002; 
Sawase et al. 2001; Shabalovskava 2002; Mustafa et al. 2002). Pan reported increased 
corrosion potential of Ti alloy after treating the surface with H2O2 for 30 days. Sawase 
used a plasma source ion implantation (PSII) method to increase the thickness of the 
surface oxide layer. The potentiodynamic polarization measurements in PBS showed 
improved corrosion resistance in vitro and bone formation around this surface-modified 
specimen in a rabbit model showed that all implants were in contact with bone and had 
some proportion of bone within the threads after 4 weeks.  
The release of metal ions from implant devices into the human body environment 
is inevitable. Physiological reactions to the metallic species released from medical 
implants have become a matter of increasing concern; especially inflammatory responses 
for they are likely to result in implant failure (Gerhardsson et al. 2002; Mak et al. 2001; 
Cornelini et al., 2001; Hallab et al., 2001 Esposito et al., 2000). It is still not clear how 




implant failure. But since all the interactions occur between the biological environment 
and the implant surface oxides and/or their byproducts such as metal ions, it is important 
to understand the mechanisms behind these interactions by characterizing changes in 
alloy corrosion and surface properties due to host cells/tissues. These data will thus 
contribute to the improved understanding and performance of implant materials. 
 
Specific Aims  
Macrophage cells release NO, inflammatory chemicals (interleukins, PGE2, TNF 
etc.) and lower the local pH during stimulation. Among these reactions, the release of 
NO, an oxidizing agent, may react with surface atoms and change the metal surface oxide 
thickness and/or composition. Metal corrosion behavior depends on its surface oxide 
properties and behaviors of macrophage cells may alter the alloys’ corrosion behavior by 
changing its surface oxide and thus affecting metal ion release. Increased ion release may 
lead to local cell toxicity, chronic inflammation and potentially host tissue 
hypersensitivity. The released ions and host tissue injury may attract more macrophages 
to the implant site and could establish a negative feedback loop. This could be the key 
factor causing chronic inflammation, bone resorption and eventually implant failure.  
To investigate these hypotheses (1. cells alter the alloys’ surface and corrosion 
properties and 2. alloys’ corrosion products further activate cell immune responses), both 
corrosion behavior of implant alloys and cell responses to released corrosion products 




1. To measure the corrosion potentials and total charge transferred of the alloys in three 
test conditions, namely alloys incubated with medium, macrophage cells and 
activated macrophage cells.  
2. To measure changes in surface oxide of the alloys after incubation with three test 
conditions. 
3. To measure the total amount of metal ion released from each condition over time. 
4. To characterize the response of non-activated cells and activated cells after they 
attach and grow on the surfaces of the glass (control) and test alloys by assessing 
their viability, intracellular ATP concentrations and released NO and IL-1β 
concentrations in the supernatant. 
This project will provide information on how alloy corrosion behavior effected by 
the host cells/tissues as well as host responses to implant devices in terms of different 











Cobalt-chromium-molybdenum (Co-Cr-Mo) and titanium-6 aluminum-4 
vanadium (Ti-6Al-4V) alloys were chosen for use in this study for their outstanding 
mechanical properties and biocompatibility. The alloys were donated by Allvac Inc., 
Monroe, NC. Co-Cr-Mo alloy contains 27-30% Cr, 5-7% Mo and Co for balance and 
has a tensile strength near 655 MPa according to American Society for Testing and 
Materials (ASTM) F75: Standard Specification for Cast Cobalt-Chromium-
Molybdenum Alloy for Surgical Implant Applications. The Ti-6Al-4V alloy contains 
5.5-6.5% Al, 3.5-4.5% V and Ti for balance with tensile strength about 860 MPa 
according to ASTM F136: Standard Specification for Wrought Titanium 6Al-4V ELI 
Alloy for Surgical Implant Applications.  
The alloys were provided in 6” bar stock and cut by a diamond wheel into 
rectangular plates (4 cm x 4 cm x 0.2 cm) (Figure 1) to fit into a customized 
electrochemical corrosion cell. The surface area of the alloy in the electrochemical 
corrosion cell was 14.4 (3.8 x 3.8) cm2. The plates were prepared by wet polishing 
through a series of silicon carbide (SiC) sandpaper up to 1200 grit, ultrasonically 





contaminants on the metal surface. Samples were passivated in 20% nitric acid for 30 
minutes at room temperature to mimic the clinical surface treatments according to 
ASTM F86 – “Standard Practice for Surface Preparation and Marking of Metallic 
Surgical Implants”.  
 
                                                
 
Figure 1. A polished Co-Cr-Mo alloy plate used for corrosion tests. It was 
wet polished using SiC sandpaper up to 1200 grit, cleaned and passivated 
according to ASTM F86 to simulate clinical implant surface preparation. 
 
 
Setup of The Electrochemical Corrosion Cell 
A custom made electrochemical corrosion cell (Figure 2) was used to evaluate 
the role of cells on alloy corrosion. The corrosion cell was designed to simulate the in 
vivo situation of cells growing on an implant material surface. The body of the cell was 
made of Teflon® with dimensions: 6.36cm x 6.38cm x 4.27 cm. The lid had a port for 
placement of a salt bridge tube for the reference electrode. It was made of clear 
Plexiglas® for the convenience of observing cell culture in case of contamination and 
the positioning of the electrodes. The lid fit loosely enough to allow gas exchange 





electrodes were made of graphite and a saturated calomel electrode (SCE) served as the 
reference electrode. The metal plate was positioned at the bottom of the box, with the 
treated surface facing up allowing cells to attach and grow on it. A screw was used to 
provide electrical connection to measure the potential and current of the alloy as well as 












Figure 2. Schematic and image of the electrochemical corrosion cell. The 
reference saturated calomel electrode (SCE) was inserted from the lid using 
glass bridge tube fitted with Vycor® tip (96% silica glass, PerkinElmer, 
TN); two graphite counter electrodes were inserted from the side of the cell 
and the alloy plate (working electrode) at the bottom of the cell with treated 
surface facing upward in order to have contact with the cells and medium.  
 
The corrosion cell, including the graphite and working test electrodes and salt 
bridge were disinfected with 70% of ethanol solution and UV light before assembly in a 
sterile cell culture hood. The corrosion cell operated in a cell culture incubator (37 oC, 5 
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% CO2, 100 % humidity) during experiments by running wires connecting the 
electrodes to a potentiostat.   
 
Cells 
Macrophage cells are one of the major components in wound healing and 
inflammatory reactions and are often seen around implant sites. A transformed 
macrophage cell line (TIB-71, American Type Culture Collection (ATCC), Manassas, 
VA) was chosen for use in this study because it produces reactive nitrogen species: 
nitric oxide (NO) and pro-inflammatory cytokine: interlukin-1 beta (IL-1β) at 
measurable concentrations when activated by exposure to endotoxin and interferon. 
Reactive oxygen species such as hydrogen peroxide (H2O2) and super oxide (O2.) are 
also know to be released by this cell line when activated though they are released at 
lower concentrations as compared to NO (Pfeiffer et al., 2001). Cells were maintained 
in cell culture medium (Dulbecco’s Modified Eagle Medium (DMEM) + 1mM Na-
pyruvate+ 10 % fetal bovine serum (FBS) + 1 % Antibiotic-Antimycomic + 2mM L-
glutamine) in an incubator at 37oC, 100 % moisture and 5 % CO2. Cells were activated 
to release NO and IL-1β to simulate in vivo inflammation by using cell culture medium 
supplemented with 0.05 µg/ml interferon gamma (IFN-γ, R&D System, Minneapolis, 
MN) + 5 µg/ml lippopolysaccaride (LPS, E. Coli Serotype 0127:B8, Sigma, St louis, 
MO) (Parker and Bumgardner, 2002). Controls were set up by growing non-activated 





the corrosion cell. The surface area to the volume of culture medium was the same as 
the corrosion cell as well.  
 
Methods      
 
Corrosion Tests- Open Circuit Potential (OCP) (mV vs. SCE) and Direct Current 
Measurements 
 
OCP is the thermodynamic measurement of how likely the surfaces are to 
corrode. The more negative OCP is, the more reactive the surface is, but it is not an 
indication of how fast the corrosion  occurs. Corrosion currents are measured to 
determine the rate of corrosion. Corrosion current is directly proportional to the rate of 
mass loss according to the Faraday’s Law (Boyd and DeVault, 1959): r = iA/nF; r: 
corrosion rate (g /s-cm2); i: current density (A/cm2); A: atomic weight (g/mole); n: 
valency (-); F: Faraday’s constant (96500 coulomb/mole).  
There has not been any in vitro corrosion experiments with macrophages present 
being conducted previously. Several animal studies have shown that Co-Cr-Mo could 
cause significant metal ion release in urine and blood serum in three days (Black et al. 
1987, Brown et al. 1993). Besides metal ion elevation can be significant in three days 
compared to the controls, typical cell seeding density for corrosion tests, around 1 – 5 
cells/cm2, would reach confluency in three days. Over confluent cells will cause cell 
death and detaching from the surface and affect the corrosion and surface tests. In order 





were required. To split the cells during the test may have effects on the corrosion test 
for it may disturb the surface and the position of the electrodes and thus the consistency 
between tests. For the above reasons, the corrosion test was chosen for three days.  
           OCP and direct current measurements were conducted over a 72-hr period using 
a potentiostat (Electrochemical Impedance Analyzer Model 6310, EG&G Instruments, 
Oakridge, TN). The OCP (mV vs. SCE) was measured for 4 hours and then the current 
(µA/cm2) was measured for 20 hrs at 0.0 V vs. SCE. The OCP and current 
measurements were repeated on consecutive days for a total of 72 hrs (3 days).  The 
M352 SoftCorr III software (EG&G Instruments Inc., Oakridge, TN) was used to 
control the experiment and record the potential (mV vs. SCE) and current (µA or nA) 
over time. The total charge transferred was then calculated by estimating the area under 
the current vs. time curve and then summed over 3 days. By comparing the OCP and 
total charge transfer from the test alloys with and without cells (non-activated and 
activated) attached, the effects on corrosion due to non-activated cells and activated 
cells was estimated. 
For each type of alloy, tests were conducted in cell culture medium, with 
macrophage cells, and with LPS+IFN-γ activated macrophage cells. The non-activated 
cells and activated cells were seeded at 1x105 cells/cm2 in 13 ml medium. With 
activated cells, the medium was supplemented with 0.05µg/ml IFN-γ + 5ug/ml LPS. For 
each alloy, each test condition was repeated at least three times.  
At the end of each day (24-hr period), the leads to the electrodes were 





medium was collected for nitric oxide, IL-1β and metal ion release analysis. The 
medium was replaced with fresh medium or medium containing LPS+IFN-γ. Cells were 
evaluated for viability, morphology and intracellular ATP at the end of each 3-day test. 
 
Analysis of Metal Ion Release 
Inductively-coupled plasma atomic emission spectroscopy (ICP-AES) is a multi-
element analysis technique that dissociates a sample into its constituent atoms and ions 
by the high energy of the plasma generated from the argon gas. The atoms and ions are 
caused to emit light at a characteristic wavelength by exciting them to a higher energy 
level.  This is accomplished by the use of  an inductively coupled plasma source, 
usually argon. The plasma will reach a temperature in the range of 6,000 - 10,000 oC, 
which will efficiently atomize most elements. Figure 3 is the schematic of the plasma 
source. The sample is introduced into the plasma flame as an aerosol by use of a 
nebulizer to cause characteristic light emissions from the constituent atoms and ions.  
A monochromator is used to separate specific wavelengths of interest, and a 
detector is used to measure the intensity of the emitted light. This information is used to 
calculate the concentration of the elements in the sample. The resulting detection limits 
are very low, and they usually range from 1-10 ppb for simple aqueous solutions. 
Detection limits were ~50 ppb for the culture medium solutions used in this study.  
Supernatants collected from tests with and without cells at day 1, day 2 and day 3 





the supernatants were made using 5% HNO3(aq) before analysis to minimize the 
interference from the protein and salt in the solution during the analysis. Standards were 
made in cell culture medium - 5% HNO3 matched solutions for each ion, Co, Cr, Mo, 
Ti, Al, and V, to generate emission vs. concentration curves. Each sample was spiked 
with 100 ppb of each ion for more precise readings since the concentration of these ions 
were often low (~10-30 ppb range). Spike was subtracted to obtain the amount of ion in 
solution after the samples were read.  
 
                  
Figure 3.  A typical plasma source. Argon gas is passed through a quartz tube 
and the tip of the quartz tube is surrounded by induction coils that create a 
magnetic field.  The magnetic field excites the pre-seeded electrons which 
then ionizes the argon atoms.  Reversing the magnetic field changes the 
direction of the excited ios and causes more collisions with argon atoms 
results in further ionization of the argon atoms and intense thermal energy.  







The samples were read by the Optical Emission Spectrometer (Optima 4300 DV, 
PerkinElmer Instruments) operated by the software WinLab32TM Instrument Control, 
v2.2, PerkinElmer Inc. The results were compared as the amount of metal ion released 
over time and total amount released between different test conditions.    
 
Cell Characterizations 
The cell parameters, including viability, morphology, intracellular ATP and 
release of pro-inflammatory products, NO and IL-1β, were used to assess the response 
of the cells to the alloys and their released metal ions. 
 
Viability Test  
At the end of the 3-day tests, viability of the cells on the surface of the alloys 
and the control cells were assessed by using the Live/Dead® viability/cytotoxicity test 
kit (Molecular Probe, Eugene, OR). The Live/Dead® test kit uses two reagents, calcein 
AM and ethidium homodimers-1 (EthD-1). Live cells are distinguished from the dead 
cells by the presence of intracellular esterase activity and the integrity of their 
membrane. Esterase in live cells converts the cell-permeant calcein AM to the green 
fluorescent calcein (ex/em 495/515 nm). Fluorescent calcein is well retained within live 
cells. EthD-1 enters cells with damaged membranes and binds to the nucleus and 





plasma membrane of live cells. Hence only viable cells will take up calcein and 
fluoresce green and only dead or dying cells will bind EthD-1 and fluoresce red. 
Medium was removed carefully from the corrosion cell and controls. Ca2+-
Mg2+-free phosphate buffered solution (PBS) containing 2 mM calcein AM and 4mM 
EthD-1 was added to the cells and incubated at room temperature for 20-40 minutes. 
The samples were then covered with glass cover slips and viewed using a Leica® 
Confocal Laser Microscope. The viability of non-activated and activated macrophage 




Cells undergo morphological changes when activated, injured or even grown on 
different surfaces. Morphology of the non-activated cells and activated cells on glass 
(control) and alloy surfaces were observed using scanning electron spectroscopy 
(SEM). SEM directs high-energy electron beams to the samples. These primary 
electrons interact with electrons and atoms in the sample and cause the secondary 
electrons to be emitted from the sample. The secondary electrons are collected by the 
photoamplifier tube and used to create an image of the samples up to 100,000x. Control 
cells and cells grown on testing alloys were prepared by washing twice with PBS to 
remove cell culture medium and fixed with 2.5% glutaldehyde + 0.1 M potassium 
phosphate solution to crosslink protein to preserve the morphological structure. After 30 





The samples were then dehydrated with a series of ethanol solutions (30%, 50%, 70%, 
95% and 4 times 100%) for 10-15 mins each concentration. Finally 
hexamethyldisilazane (HMDS) was added to remove the ethanol. Samples were air-
dried (to evaporate HMDS) overnight and stored in a desiccator. Because protein is not 
conductive, samples were coated with Au-Pd before placing in the vacuum chamber to 
avoid charge build up on samples. Images of non-activated cells and activated cells on 
different alloys were compared qualitatively by looking at cell size, cell membrane 
processes and surface extensions. 
 
ATP  
The amount of intracellular ATP was used as an indicator of cell well-being 
(Bumgardner et al. 1995) as well as indicator of cell activation since intracellular ATP 
concentrations were reported to be approximately 2-3 times higher than that of non-
activated macrophage cells (Loike et al. 1979). ATP concentrations were determined 
based on the luciferin/luciferase reaction using the Enliten® ATP assay system 
(Promega, Madison, WI). The detection range of the kit is 1x10-17 to 1x10-11 mole ATP 
per sample. In the reaction, luciferase catalyzes luciferin to react with oxygen in the 
presence of one ATP molecule to form Oxyluciferin.  
ATP + luciferin + O2 _____
luciferase___> oxyluciferin + ADP + Pi + hν (560nm) 
The byproduct is the emission of a photon at 560 nm (Crouch et al. 1993; Lundin 1979) 
and the number of photons counted using a photo-multiplier tube is directly 





At the end of each 3-day test, medium from the corrosion cell and petri dish 
(control) were carefully removed and rinsed with serum-free medium because proteins 
in the serum of the medium might interfere with the luciferin-luciferase reaction. Cells 
were scraped off the surface and resuspended with 1-2 ml of the serum-free medium. 
The number of cells was counted using a hemocytometor. A 150 µl aliquot of the cell 
suspension was pippetted into each of the three plastic tubes. One tube at a time was 
placed in the FB 15 Luminometer (v2.0, Zylux Corp. Maryville, TN). The software (FB 
12, Zylux Corp. Maryville, TN) was programmed so that after the door was shut, 100 µl 
of lysing solution ( 0.1 M tris-acetate + 4mM EDTA + 0.1% triton x100 at pH 7.75) 
was added to the tube to lyse the cells and release ATP. After a 0.5 second delay, 80 µl 
of luciferin/luciferase solution was added to initiate the reaction. The photons were 
counted and recorded every second for 15 seconds after the last addition and reported as 
relative light units (RLU). A standard curve was made and showed RLU was 
proportional to the amount of ATP (mole) released by cells. The number of cells in each 
test and control wells was used to normalize the amount of ATP to moles/cell. ATP 
concentrations in non-activated and activated macrophage cells on test alloys were 
compared to those in the control cells. 
 
Nitric oxide (NO) 
NO is a reactive nitrogen species released by macrophage cells during 
inflammation. It may be a key mediator in inhibiting DNA synthesis, in cell 





forming substance produced by osteoblasts) release during inflammatory responses 
(Shanbhag et al. 1998). Nitric oxide has also been known to act on endothelial cells to 
cause increased local blood flow (Bevilacqua, 1993) to facilitate the delivery of 
leukocytes to local sites of injury. NO produced by the osteoblasts has been proposed to 
cause bone resorption by osteoclasts (van’t Hof and Ralston, 1997; Riancho et al., 
1995).  
NO becomes NO2- in cell culture conditions, hence the concentration of NO2- 
should increase in proportional to NO release in medium during tests with activated 
cells. NO was read daily during the 3-day corrosion test with non-activated cells and 
activated cells. It must be read soon after the supernatant was removed from the 
corrosion cell because it was a very unstable compound. Supernatant (or deionized 
water for a blank test) was pipetted into 3 wells (150 µl each) of the 96-well plate, and 
130 µl deionized water and 20 µl Griess® reagent (0.5 % of sulfanilic acid + 0.05 % n-
(1-naphthyl) ethylenediamine dihydrochloride, Molecular Probes, Eugene, OR) was 
then added to each well. The plate was then incubated at room temperature for 30 
minutes. NO2- (aq) reacts with sulfanilic acid and is converted to a diazonium salt by 
reaction with the nitrite (NO2-) in the solution. The diazonium salt is then coupled to n-
(1-naphthyl)ethylenediamine to form an azo dye that can be read at 548 nm (A548) by a 
spectrophotometer (µQuant, Bio-Tek Instruments, Inc. Winooski, VT). A548 was 
converted into µM using a standard curve. The detection range of the assay is 1-100 










Activated macrophages are known to release IL-1β. It acts on fibroblasts to 
regulate their proliferation and induce vascular endothelial cells to express surface 
receptors that render these cells more adhesive to leukocytes (Goldring et al., 1983; 
Goldring et al., 1986). It may also activate osteoclast and promote bone resorption 
(Miller and Anderson, 1988; Miller et al. 1989). In this study, IL-1β was used to assure 
activation of cells by the addition of LPS and IFN-γ. It was also used to determine if the 
presence of metal and metal ions affected the release of IL-1β from non-activated or 
activated cells. Supernatants collected daily from the 3-day tests were stored at –20oC to 
prevent IL-1β from degrading and thawed one day prior the analysis. The analysis of 
IL-1β  in the supernatant was conducted using a commercial ELISA kit (Quantikine M, 
R&D System, MN). The detection range of the kit is 8-500 pg/ml. The assay employs 
the quantitative sandwich enzyme immunoassay technique. A mouse IL-1β antibody 
was pre-coated onto a 96-well plate. Fifty µl of assay diluent and 50 µl of test sample 
were pipetted into each well. Any IL-1β in the test sample binds to the precoated IL-1β 
antibody. After two hours, the plate was washed five times with the wash buffer to 
remove medium and diluent. One hundred µl of horseradish peroxidase-linked IL-1β 





later, wells were washed five time with the wash buffer to remove the unbounded 
enzyme-antibody conjugate. One hundred µl substrate solution (hydrogen peroxide and 
tetramethylbezidine (chromogen)) was added to the wells so the peroxidase reacted with 
the hydrogen peroxide for 30 minutes and yielded blue color. It turned yellow after stop 
solution (100 µl HCl solution) was added. The absorbance at 450 nm (A450) of each 
sample and the blank (fresh cell culture medium) was read in duplicates The absorbance 
was proportional to the amount of IL-1β present in the samples. From a standard curve, 
A450 was transferred in to IL-1β concentration in pg/ml. IL-1β released by non-activated 
and activated macrophage cells on test alloys was normalized to pg/cell and compared 
to that released by the control cells.  
 
Surface Analysis: X-ray Photoelectron Spectroscopy (XPS) 
XPS is a surface analysis technique capable of providing elemental and 
chemical information on the top 100 Å of the surface. In XPS, x-rays are used to excite 
electrons from the inner shell of the surface atoms. The emitted electrons are counted 
(intensity) and their binding energies are calculated by a hemispherical analyzer. 
Binding energy (eV), BE, equals to the energy of the x-ray subtracted by the kinetic 
energy of the electron when reaching the analyzer. BE of each electron is unique to 
each element and can be used to identify elements present on the surface. BE can be 
affected by the chemical states of each element, e.g. metal oxide, hydroxide, carboxide 
etc. and small shifts in BE may be used to identify the chemical bonding of the elements 





Samples of both alloys were cut into approximately 1.0 x 1.0 x 0.1 cm coupons 
to fit inside XPS for surface analysis. The surfaces of these coupons were prepared 
identically as before. Coupons were first evaluated as polished with XPS to verify all 
samples from the same alloy had the same surface composition and peak intensity. By 
subtracting the spectra from one another, the residual spectra simply represent 
background noise without major peaks.  
The samples were then disinfected with 70% ethanol and UV light and placed in 
wells of a cell culture plate. Medium, non-activated cells and activated cells were added 
with the same seeding density to duplicate the conditions imposed on the test samples in 
the electrochemical corrosion cells. After three days, the coupons were rinsed with 
deionized water to remove cells and medium. They were then placed into the vacuum 
chamber (pressure around 10-10 torr) of a XPS (Physical Electronics Phi 1600, Eden 
Prairie, MN) with X-ray power adjusted to 15 kV and 300 W.  The samples were 
positioned at a 45o take-off angle with respect to the analyzer. Survey spectra were 
averaged from 10 scans with pass energy 46.95 eV and high resolution spectra were 
averaged from 15 scans with pass energy 23.5 eV.  
Survey spectra were used to identify the presence of surface elements and to 
calculate their composition in atomic percentage. High resolution spectra were used to 
identify chemical states and changes in chemical states of the surface elements of major 
surface oxide components. Oxygen peaks from both alloys were deconvoluted and the 





oxygen species. A software package (Spectral Data Processor v 2.3, XPS international 
Inc.) was used for the above calculations.  
 
Statistical Analyses 
The statistical analyses were done using the Statlets software package (Statlets, 
v1.1B, NWP Associate Inc.). Two way analysis of variance (ANOVA) based on the 
factorial design model was used to differentiate between test conditions and over three 
days (Factors include three conditions and time-day 1, 2, and 3). Statistical differences 









Corrosion Tests: Three-Day Open Circuit Potential and Direct Current Test 
 
Co-Cr-Mo 
Factorial analysis indicated there were no significant interactions between time 
and conditions for the open circuit potential (OCP) and current measurements (p<0.05). 
The OCP and current transfer of Co-Cr-Mo over 3 days in different conditions are listed in 
Table 1 and Table 2. The OCPs for Co-Cr-Mo did not show any statistical difference over 
3 days. There was a difference in OCP between medium and cells, but they were not 
different from activated cells. For all conditions, the direct current values on Day 1 were 
all significantly higher than Day 2 and 3; no difference between day 2 and 3. For all 
conditions, the current transfer values on Day 1 were all significantly higher than Day 2 





Table 1. OCPs (mV vs.  SCE) of Co-Cr-Mo with medium, non-activated cells 
and activated cells (n=3). Same letters represent values without a statistically 
significant difference within the column and across the rows. 
 
                          
 Day 1 (mV vs. SCE) 
Day 2 
(mV vs. SCE) 
Day 3 
(mV vs. SCE) 
Medium -344.0±17.1 a -376.7±41.9 a -390.3±52.2 a 
Cells -262.0±9.1 b -302.0±26.6 b -300.3±18.9 b 
Activated Cells -293.7±81.1 ab -322.7±52.6 ab -331.7±72.3 ab 
 
 
Table 2. Direct current measurement (mC) of Co-Cr-Mo with medium, non-
activated cells and activated cells (n=3). Same letters represent values without 




The charge transfer values of Co-Cr-Mo summed over 3 days (total charge transfer) 
in three test conditions are shown in Figure 4. The total 3-day charge transfer in the 
presence of activated cells was the lowest among all three conditions. For Co-Cr-Mo, the 
total charge transfer was the highest with medium, followed by cells and then activated 
cells.  
 
 Day 1 (mC) Day 2 (mC) Day 3 (mC) 
Medium 30.1±3.8a 13.1±2.3d 12.1±2.1d 
Cells 18.4±2.8b 6.4±2.1e 5.6±2.0e 
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Figure 4. Co-Cr-Mo total charge transfer over 3 days for the three conditions 
(medium, cells, and activated cells) (n=3). The charge transfer from activated 
cells was significantly lower than that from medium and non-activated cells 
(p<0.05). The charge transfer from cells was significantly lower than that from 




Factorial analysis indicated there were no significant interactions between time and 
conditions for the OCPs and charge transfer for Ti-6Al-4V alloy. OCP values and direct 
currents over three days are listed in Table 3 and Table 4. For Ti-6Al-4V, the OCP 
became more electropositive from day 1 to day 2 (p<0.05), but not from day 2 to day 3. 
There was a difference in OCPs between medium and cells (p<0.05), but they were not 
different from activated cells. For the current transferred, values on Day 1 are all 
significantly higher than Day 2 and 3 for all conditions (p<0.05); no difference between 







Table 3. OCPs (mV vs. SCE) of Ti-6Al-4V with medium, non-activated cells 
and activated cells (n=3). Same letters represent values without statistic 





(mV vs. SCE) 
Day 2 
(mV vs. SCE) 
Day 3 
(mV vs. SCE) 
Medium -505.7±17.9a -283.3±26.0c -247.0±36.5c 
Cells -359.5±99.2b -204.8±65.3c -184.5±66.2c 
Activated cells -378.6±83.9b -249.4±51.0c -226.0±42.1c 
 
 
Table 4. Direct current measurement (mC) of Ti-6Al-4V with medium, non-
activated cells and activated cells (n=3). Same letters represent values without 




The sum of corrosion current (total charge transfer) Ti-6Al-4V over 3 days are 
shown in Figure 5. The total 3-day charge transfer in the presence of activated cells was 
the lowest among all three conditions. For Ti-6Al-4V, there was no difference between 
medium and cells but both these conditions generated higher total charge than with 
activated cells.  
 
 Day 1 (mC) Day 2 (mC) Day 3 (mC ) 
Medium 49.3±13.7a 7.4±2.6c 5.7±2.0c 
Cells 61.7±16.3a 9.7±2.4c 3.8±3.3c 
















media cells stimulated cells
Q (mC)
 
Figure 5. Ti-6Al-4V total charge transfer over 3 days for the 3 conditions 
(medium, with non-activated cells and activated cells) (n=3). The charge 
transfer from activated cells was significantly lower than that from medium 
and cells (p<0.05).   
 
 
Cell Responses on Metal Alloys 
 
Live/Dead and Morphology 
 
Live/Dead 
Representative images from the confocal scope, including non-activated cells and 
activated cells on glass, Co-Cr-Mo and Ti-6Al-4V alloys are shown in Figure 6. Non-
activated cells in general exhibited higher cell density on the alloy surface compared to 
LPS+IFN-γ activated cells. The majority of the cells (both activated and not activated) 








The morphology of non-activated cells and activated cells on test alloys and glass 
controls is shown in Figure 7. The scale bars are located on the lower left corner of the 
pictures.  
After three days, non-activated cells formed a monolayer on the surfaces of the 
glass and test alloys and multi-layers in some areas (Figure 7 A, C and E). Activated cells 
after 3 days were more sparsely distributed on the alloys and glass surfaces (Figure 7 B, 
D, F and G). Non-activated cells exhibited regular globular shape with few surface 
extensions on them and more membrane process attaching to the substrate compared to the 
activated cells. The activated cells were more spindle shaped and had more surface 
extensions on them and less membrane processes attaching to the substrate compared to 
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Figure 6. Confocal images from Live/Dead viability tests. (A) TIB cells on 
glass; (B) LPS+IFN-γ activated TIB cells on glass;(C) TIB cells on Co-Cr-Mo; 
(D) LPS+IFN-γ activated cells on Co-Cr-Mo; (E) TIB cells on Ti-6Al-4V; (F) 
LPS+IFN-γ activated TIB cells on Ti-6Al-4V. Green cells were viable and red 
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Figure 7. Non-activated (A) and LPS+IFN-γ activated (B) TIB cells on glass 
(petri dish); Non-activated (C) and LPS+IFN-γ activated (D) TIB cells on Co-Cr-
Mo; Non-activated (E) and LPS+IFN-γ activated (F,G) TIB cells on Ti-6Al-4V. 
After 3 days, non-activated cells formed a mono-layer on the surfaces of the glass 
and test alloys and multi-layers in some areas (Figure 7 A, C and E). They 
exhibited regular globular shape with few surface extensions. Activated cells 
were sparsely distributed on the alloys and glass surfaces (Figure 7 B, D, F and 



















Intracellular ATP and Proliferation (Cell Count) 
 
Cell count 
At the end of each test, the number of cells was counted using a hemocytometor 
and the numbers of cells were used to normalize the release of the chemical compounds 
such as NO and IL-1β on day 3 as well as intracellular ATP. Figure 8 shows the cell 
numbers counted from controls and the different test conditions with the different test 
metals.  
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Figure 8. The number of TIB cells and LPS+IFN-γ activated TIB cells in controls 
and on the test alloys after 3 days. Control: cells grown on glass petri dishes.  
 
Non-activated cells grew up to 4 times the initial seeding population after three days. 
Cell numbers were higher on the Ti alloy compared to the control (p<0.05). There were no 









Activated cells did not proliferate after seeding; the numbers of activated cells were 
statistically lower (p<0.05) than those of non-activated cells grown on all surfaces. There 
was no statistical difference of cell numbers between test alloys and glass.  
 
iATP 
The results from the ATP test are shown in Figure 9. Due to the large standard 
deviations, ATP concentrations were not significantly different between non-activated 





































Figure 9 ATP concentrations (moles/cell) at the end of the  3-day test. Control: 
on glass petri dish. Non-activated TIB cells and LPS+IFN-γ activated cells did 







Release of Cellular Chemicals 
 
Nitric oxide (NO) concentrations 
Tables 5 and 6 list the concentrations of NO (µM) measured from non-activated 
cells and activated cells cultured on glass, Co-Cr-Mo and Ti-6Al-4V surfaces daily. The 
numbers were not normalized to each cell since cell numbers were not counted on day 1 
and day 2. For both the alloys, non-activated cells did not release appreciable 
concentrations of NO on the glass and on the metal surfaces, and activated cells release 
significaly higher concentrations of NO than non-activated cells. The NO concentration 
in the supernatant with activated cells increased over 3 days and there was no difference 
in NO release between the controls and the metal groups for both alloys. Non-activated 
cells on Ti-6Al-4V released more NO than those on glass. No cross effects were found 
between time (3 days) and treatments (conditions) (p<0.05). 
 
Table 5. The nitric oxide concentrations (µM) from cells cultured on Co-Cr-
Mo.       
                                                                   
  Day 1 (µM) Day 2 (µM) Day 3 (µM) 
Cells  Glass 0.45±0.64 0.51±0.43 1.87±1.43 
 Co-Cr-Mo 1.33±4.37 3.98±2.04 4.43±3.88 
LPS+IFN-γ  Glass 6.73±1.30 14.37±4.24 14.86±3.75 







Table 6. The nitric oxide concentrations (µM) from cells cultured on Ti-6Al-




On day 3, NO release was normalized to number of cells. The data is shown in 
Figure 10. There was basically no NO measured from non-activated cells under all 
conditions. For activated cells, they released NO at 5 x 10-4 nmole/cell concentration, 

























Figure 10. Amount of NO released (nmole/cell) from TIB cells and LPS+IFN-γ 
activated TIB cells grown on glass, Ti-6Al-4V and Co-Cr-Mo surfaces after 
three days in culture.  
  Day 1 (µM) Day 2 (µM) Day 3 (µM) 
Cells Control 0.11±0.10 0.72±0.4 0.97±0.59 
 On metal 4.52±0.15 2.52±2.2 2.26±1.73 
LPS+IFN-γ Control 8.95±3.01 13.74±1.84 19.94±3.32 














Figure 11 shows the concentrations of IL-1β (pg/ml) measured from each 
condition daily. The numbers were not normalized to each cell since cell numbers were 
not counted on day 1 and day 2. There was no IL-1β detected in the supernatant with 
just non-activated cells except there was a slight increase when cultured with Ti-6Al-
4V. With activated cells grown on controls and alloys surfaces, the IL-1β 























     Figure 11. IL-1β averaged concentration (pg/ml) at each day for all conditions.  
 
IL-1β concentrations normalized to the cells numbers (pg/cell) on day 3 are 
shown in Figure 12. There was essentially no IL-1β measured from non-activated cells 







There was no statistical difference between testing conditions although the IL-
1β concentrations appeared to be higher for activated cells on the metals as compared to 



















    
   Figure 12. Normalized IL-1β (pg/cell) on day 3 for all test conditions. There 
was essentially no IL-1β measured from non-activated cells under all conditions. 
Activated cells released IL-1β at 1.2 x 10-3 pg/cell concentration. There was no 
statistical difference between testing conditions although the IL-
1β concentrations appeared to be higher for activated cells on the metals as 



















Surface Analysis (XPS) 
Figure 13 has the representative curves of the residual spectra from each alloy. 
Residual spectra were obtained by subtracting survey spectra from each other (within 
same alloy in as-polished state). This procedure allows for the identification of peaks 
that are different between individual samples. The residual spectra obtained were 
simply low intersity noises without major peaks, indicating surface peaks were the same 
for each as-polished alloy.  
 
Co-Cr-Mo 
Representative survey spectra from Co-Cr-Mo alloy after 3 days exposure to 
medium, non-activated cells and activated cells are shown in Figure 14. The peaks on 
the as-polished Co-Cr-Mo were carbon (C1s), oxygen (O1s), cobalt (Co3p), chromium 
(Cr2p) and molybdenum (Mo3d). C1s and O1s appeared on almost all surfaces exposed 
to atmosphere. Occasionally a silicon (Si2p) peak was identified in the alloy surface 
composition, and was attributed to the SiC sandpaper used in the sample preparation 
process. After culturing with medium, most of the peaks in the as-polished spectra 
decreased in intensity. Generally the intensity of the peaks increased again after 
culturing with cells, especially with activated cells. This was seen in more detail in the 
high resolution spectra (Figure 15 a (O1s) and b (Cr2p)). The increase in peak intensity 




































Figure 13. Representative residual XPS survey spectra from as-polished Ti-6Al-
4V (top) and Co-Cr-Mo (bottom).The residual spectra used to compare the as-
polished surfaces were simply noise. All of the as-polished surfaces of both 










Figure 14. Representative survey spectra from as-polished Co-Cr-Mo and 
after 3 days exposed to cell culture medium, TIB cells and LPS+IFN-γ 



































































c.                                                                   d.  
 
Figure 15. Examples of the high resolution spectra of as-polished Co-Cr-Mo 
and after 3 days exposed to cell culture medium, TIB cells and LPS+IFN-γ 
activated TIB cells. a and b, peaks changed with culture conditions; c and d: 
peaks did not vary with culture conditions. x: binding energy (eV), y: arbitrary 
intensity (-). Left: O1s peaks, right: Cr2p peak.  
 
Organic type of 







By using the Spectral Data Processor v 2.3 software, the percentage of each 
element present on the surface from the survey spectra was calculated. The percentage 
of the oxygen (O1s) and chromium (Cr2p) peaks were averaged and the results are 
shown in the Figure 16.  





















Figure 16. Atomic percentage from the survey spectra. Cr and O on the surface 
of as-polished Co-Cr-Mo and after culturing with medium, non-activated cells 
and activated cells. Both atomic percentages of Cr and O decreased with 
medium (only with Cr p<0.05) compared to as-polished surfaces; increased with 
LPS+IFN-γ activated cells (p<0.05) compared with medium. 
 
 
The average intensity of both oxygen and chromium peaks decreased with 
medium and increased with non-activated cells and activated cells. Compared to 
culturing with medium, the peak intensity of both O and Cr increased significantly with 





To find out the number of the oxygen species present as well as to quantify the 
percentage of oxygen bound to the metal (metal oxide) on the surface, O1s peaks were 
fitted using the Spectral Data Processor software. The fitting process stopped when Chi-
square stopped changing. The fitting of peaks was specified to have a fixed full width 
half max (FWHM) =1.6 because of the resolution of the instrument. Three subpeaks 
with fixed FWHM=1.6 gave the best fitting results for O1s with chi-square 




Figure 17. O1s peak of as-polished Co-Cr-Mo fit with three subpeaks (A, B and 
C). The peak binding energy and chi-square are listed on the left corner. The 
percentage of area of each peak was calculated and indicated on top of each 
peak. The peak with lowest binding energy (B) belonged to the metal bound 









The organic types of oxygen (for examples C-O, H-O etc.) had binding energies 
(BE) around 532-533 eV and the metal-bound oxygens had BE’s at ~530 eV. The area 
under each peak was then calculated and transformed into percentage of the total 
oxides. The peak at the binding energy near 530 was taken as the part of O bound to the 
metal atoms and the rest were attributed to organic species. The averaged metal oxide 
percentage (among all the oxygen species) is shown in Figure 18. The result did not 
show a statistical difference in changes of the metal oxide percentage between different 



















Figure 18. Metal oxide percentage on Co-Cr-Mo from each test condition. No 
statistical difference in changes of the metal oxide percentage between 
different culture conditions but they were all significantly (p<0.05) lower than 






The BE of Cr peak in this study was at ~576.6 eV, which is the BE of Cr as in 
Cr(III) and/or Cr(IV) form (Cr2O3 and/or CrO2 compounds). Co2p and Mo3d were 
identified only on as-polished sample surfaces. They were not identified on surfaces 
after 3 days culturing with medium, non-activated cells and activated cells.  
The nitrogen peak (N1s) was also fitted with the software and only one type of 
nitrogen species was found present on the surfaces (medium, non-activated cells and 
activated cells). Often nitrogen peak was not observed on the as-polished and 
passivated surfaces; even if was, the peak intensity was fairly small (<50 unit). The 
nitrogen was at BE~ 401 eV, which corresponds to N-H, C-N types of compounds. No 
signs of nitrite (~404-405 eV), nitrate (~407-408 eV) and metal nitrides (~396.5-397.4 
eV) were found on any surface. 
 
 Ti-6Al-4V 
Figure 19 is the survey spectra from Ti-6Al-4V after 3 days exposure to 
medium, non-activated cells and activated cells. The major peaks identified on the as-
polished Ti-6Al-4V were carbon (C1s), oxygen (O1s), titanium (Ti2p) and vanadium 
(V3p).  
As seen in Figure 20, after culturing with medium, all the major metal peaks 
almost disappeared. The peaks reappeared (or increased in intensity) after culturing 
with cells, especially with activated cells. From the binding energy of the oxygen peak, 
it was purely the organic type of oxygen (~532-533eV) on the surface when cultured 






Figure 19. Examples of survey spectra from as-polished Ti-6Al-4V and it with medium, 
TIB cells and LPS+IFN-γ activated TIB cells after three days. x: binding energy (eV), 







the O1s binding energy shifted toward the metal oxides (~530 eV), which indicated an 
increase in metal oxide on the surface. It could also be seen that the intensity of Ti peak 
increased after non-activated cells and activated cells were present. The binding energy 
of Ti was ~458.6 eV, indicated that the Ti had a chemical state of Ti (IV) and the oxide 
was mostly composed of TiO2. 
 
 


































Figure 20. Examples of the high resolution spectra of as-polished Ti-6Al-4V 
cultured with medium, TIB cells and LPS+IFN-γ activated TIB cells after 
three days. x: binding energy (eV), y: arbitrary intensity (-).Left: O1s peaks, 
right: Ti2p peak. 
 
 
The atomic percentage of each element present on the surface of Ti-6Al-4V was 
calculated from the survey spectra. The atomic percentage of the oxygen (O1s) and 
Organic type of 
oxygen species 





titanium (Ti2p) peaks were averaged, and the results are shown in Figure 21. The 
average intensity decreased with medium and cells and increased with activated cells. 
These changes in the oxygen and titanium peaks were statistically significant (p<0.05). 
The O1s peaks were fitted using the same procedures as with the Co-Cr-Mo 
alloy. The χ2 values were around 2-2.5 after fitting. The averaged percentage of the 
























Figure 21. Atomic percentage of Ti and O on the surface of as-polished Ti-
6Al-4V and after culturing with medium, non-activated cells and activated 
cells. Atomic percentage with activated cells was significantly higher 
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Figure 22. Ti-6Al-4V metal oxide percentage on as-polished surfaces, with 
medium, non-activated cells and activated cells. Media had lowest metal 
oxide of all test conditions. The increment with non-activated cells and 
activated cells was all significant compared to each other. The activated cells 
had similar metal oxide to the as-polished surfaces. 
 
Compared to the as-polished metal percentage, the metal oxide on the surface 
with medium decreased almost by half. It increased significantly after culturing with the 
cells and reached the same percentage as the as-polished surface when cultured with 
activated cells. All the differences were statistically different (p<0.05).  
 









The data on the ion release from Co-Cr-Mo was plotted as concentration (ppb) 
for each day for each test condition (Figure 23). The sum of total metal ion release 
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Figure 23. Amount of metal ions released from Co-Cr-Mo (ASTM F75) over 3 
days incubated with cell culture medium, macrophage cells and activated 
macrophage cells.  
 
The release of Co ion was the highest of all the metal ions measured (p<0.05). 
When cultured with medium and cells, its concentration decreased over 3 days 
(p<0.05). While with activated cells, it stayed low and did not vary over time. The 
concentrations of the other ions (Cr and Mo) were lower than that of Co and did not 






















Figure 24. The Co, Cr and Mo total ion release (sum of three days) under each 
test condition. [Co](medium)>[Co](cells)>[Co](activated cells) (p<0.05). 
[Cr](medium)>[Cr](cells)=[Cr](activated cells). [Mo](medium)>[Mo](cells)= 
Mo](activated cells). [  ]: concentration in ppb; >: statistically higher (p<0.05); 
=: statistically not different (p>0.05). 
  
 
The total ion release under each condition showed that samples cultured with 
activated cells release significantly less amount of Co ions compared to those with cells 
and medium. Even just with cells, Co release was lower than with medium. As for Cr 
and Mo, non-activated cells and activated cells cultured samples released significantly 
less ions compared to that with medium. There was no difference in Cr and Mo ion 









The data on the ion release from Ti-6Al-4V was plotted as concentration (ppb) 
each day for each ion in Figure 25. The sum of total ion release under each condition 
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Figure 25. Amount of metal ions released from Ti-6Al-4V (ASTM F136) 
over 3 days incubated with cell culture medium, macrophage cells and 
activated macrophage cells.  
 
 
Because of the high Al background (~50-60 ppb), the change of the Al ion could 
not be distinguished and thus was not displayed on the graph. The Ti ion decreased over 
3 days with medium (p<0.05) but remained almost the same with non-activated cells 
and activated cells. As for V ion release, it decreased over 3 days with medium (p<0.05) 




















Figure 26. The Ti and V total ion release under each condition. [Ti](medium) = 
[Ti](cells) > [Ti](activated cells) (p<0.05). [V](medium) > [V] (cells) = 
[V](activated cells). [  ]: concentration in ppb; >: statistically higher (p<0.05); 
=: statistically not different (p>0.05). 
 
 
The total ion release for both Ti and V was the lowest when the metals were 
cultured with activated cells (p<0.05). With medium, Ti and V released similar amount 
of ions. With non-activated cells and activated cells, less V ion was released (p<0.05) 









The Co-Cr-Mo and Ti-6Al-4V alloys are known for their corrosion resistance and 
mechanical strength. They are used in the medical industry as total hip joint 
replacements, bone plates, cardiovascular and spinal devices and in dental applications. 
There are reports regarding implant failures associate with increased local metal ion 
concentrations and macrophage populations. Macrophage cells are known to release NO 
and other reactive compounds (H2O2, O2.) and lower the local pH during inflammation 
and wound healing responses. The release of reactive oxidants (H2O2, O2.) may react with 
surface atoms and change the thickness and/or composition of the metal surface oxide 
and subsequently corrosion properties of the alloys. Macrophages lower the pH around 
implant site and create an acidic environment, which is known to accelerate the metal ion 
release process. Increased metal ion concentrations may lead to more inflammation and 
thus more metal ion release. This loop would eventually lead to implant failure. The roles 
of cells on alloy corrosion are not well understood and studied. Hence it was 
hypothesized in this study that 1. the behaviors of macrophage cells alter the alloys’ 
corrosion behavior by changing its surface oxide and 2. the released metal ions from the 




To investigate these hypotheses, a series of in vitro experiments were designed to 
evaluate changes in surface composition and the corrosion behavior of alloys by 
macrophage cells under simulated clinical conditions. Macrophage cells were used 
because they were often found during inflammatory and would healing processes. The 
cellular responses to alloys and their released metal ions were evaluated based on 
viability, morphology and intracellular ATP (metabolic state) as well as effects on the 
release of inflammatory mediators NO and IL-1β.  
 
Surface and Corrosion Properties 
Both Co-Cr-Mo and Ti-6Al-4V alloys rely on a protective surface oxide layer for 
their corrosion resistance (ASTM F86). For use in clinical applications, the alloys are 
passivated using nitric acid (HNO3) to increase the surface oxide thickness and corrosion 
resistance. Typically a Cr2O3/CrO2 rich surface oxide with a small amount of Co oxide is 
formed on Co-Cr-Mo alloy and a predominantly TiO2 oxide is formed on Ti-6Al-4V 
alloys (Strandman and Landt 1982; Kilpadi 1998; Milosev et al. 2000; Lee et al. 2000). 
The Co-Cr-Mo and Ti-6Al-4V alloy samples in this study also exhibited rich Cr2O3/CrO2 
and TiO2 surface oxides respectively. Furthermore, analyses of the residual spectra did 
not reveal any differences in surface peaks for samples of each alloy in the as-polished 
and passivated state. Hence the surfaces of the alloys were consistent and typical of 
implant devices.   
Milosev et al. (2000) reported a TiO2 oxide is formed on the natural, air-exposed 




the surfaces until after sputtering. Lee et al. (2000) did observe Al but not V peaks on the 
cleaned and acid passivated Ti alloy surfaces. The result of this study demonstrated that 
the as polished and passivated Ti-6Al-4V surface was composed primarily of TiO2 with a 
small amount of V2O3. No Al was observed on the surface. The differences between 
seeing Al and/or V peaks could be due to the different surface preparation (acid 
passivation vs. electrochemical passivation, with/without heat treatments) and the 
operating conditions of the machine (Al vs. Mg electrode, different pass energies and X-
ray wattage used etc.). Nitric acid passivation was reported to increase the thickness of 
the Cr oxide in the surface and may introduce nitrogen species to the surface composition 
(Strandman and Landt 1982). Not many reports regarding surface examination on the Co-
Cr-Mo were done in the past. 
For both alloys the intensity of O and the major metal components that make up 
the metal oxides (Ti for Ti-6Al-4V and Cr for Co-Cr-Mo) increased with non-activated 
cells and activated cells compared to the surfaces exposed to medium. Ti and V peaks 
disappeared after incubating with medium for three days. The protein from the culture 
medium deposited on the surface most likely covered the alloy surface and masked the 
metal peaks because there was an increase in both carbon and nitrogen peaks after 
incubating with medium compared to as polished surfaces. After incubating with cells, 
especially activated cells, the Ti and O metal peaks increased in intensity. Cell metabolic 
activity may have increased the amount of oxide on the surface (Sundgren et al., 1985) or 
cell attachment might have eliminated the amount of protein on the surfaces. Reactive 




further enhanced the metal oxides on the surfaces as indicated from the high resolution 
(HR) spectra. The increase in metal oxide resulted in a more thermodynamically stable 
surface that reduced corrosion and metal ion release of the alloys in this study. 
As for Co-Cr-Mo, the results were more variable. Activated cells seemed to 
induce more metal oxides on the surfaces compared to the other two conditions. But 
sometimes there was no difference in O and Cr peaks between all three conditions. Major 
peak of Co was often buried by the noise at the high binding energy end and Mo was not 
seen, which may due to its low concentration (~6%).   
Examination of Ti implants extracted from patients after 6-8 years showed a 
marked increase in thickness of the surface oxide layer (Sundgren et al., 1986). Arys et 
al. (1998) proposed that oxide grows toward the bulk through metal and oxygen diffusion 
through the pores of the oxide. This might be due to a slow in vivo and in vitro oxidation 
process such as the reaction with released H2O2, O2- and OONO- (peroxynitrite). TiO2 
was reported to form a stable complex with H2O2 and OONO- released by macrophages 
(Suzuki and Frangos 2000; Ischiropoulos et al., 1992) and to have an anti-inflammatory 
characteristic (Overgaard et al., 1998). The reactive nature of Ti oxide could be the 
reason its atomic percentage increase more than Cr oxide did with the released oxidants 
from activated macrophages.  
Pan et al. (1998) reported that Ti pre-treated with H2O2 (100 mM for 30 days) had 
a 10-fold increase in thickness (60 nm) compared to the abraded surface (5-7 nm). The 
NO, H2O2, O2- released from the macrophage cells in this study may act on the surface 




oxide film could be described by a two-layer model with a barrier inner layer and a 
porous outer layer. H2O2 addition results in an increased dissolution/oxidation rate that 
leads to an enhanced oxide growth of the porous outer layer. As a result, the total oxide 
film can reach a thickness corresponding to an interference blue color. Based on XPS 
results, H2O2 addition seems to further facilitate the incorporation of phosphate ions into 
the thicker porous layer. This observation may be related to the so-called osseointegration 
properties of titanium.  
The enhancement of Ti oxides with activated cells was significant from both the 
atomic percentage analysis on the O and Ti percentages from the survey spectra and the 
O1s high-resolution spectra peak fit. As for Co-Cr-Mo, only the atomic percentage of O 
and Cr from survey spectra significantly increased with activated cells but the metal 
oxide peak did not show up in some of the O1s high-resolution peak fitting. One possible 
explanation for the difference between the two alloys is that Ti makes up 90 percentage 
in the bulk concentration and Cr only makes up ~28 percent. Although the percentage of 
Ti and Cr might both increase on the surface, still the changes in Ti oxide should be 
easier to measure with less percentage error for it was in a higher amount compared to Cr 
oxide. Also Ti has a higher affinity to oxygen than Cr (Clark and Williams, 1982) and 
might have responded more the oxidants. 
The Cr peak showed up at the binding energy (BE) of ~576.6 eV, which was Cr in 
the state of Cr (III) (Cr2O3) and Cr (IV) (CrO2). It was difficult to tell whether it was 
Cr2O3 or CrO2 or both on the surface because Cr (III) and Cr (IV) have almost the same 




TiO2. Kilpadi et al. (1998) also reported that Ti2p peak of TiO2 was located around 458.5 
eV.  Peak fitting of the O1s peak on the Ti-6Al-4V in this study indicated that surface 
oxygen was present in three chemical states: the subpeak at 530-530.7 eV confirmed 
oxygen bound to Ti as TiO2; subpeaks from 531-533 eV indicated intermediate Ti oxide 
species (TiO1.0 ~ 1.65) as well as oxygen bound in organic forms and chemisorbed H2O. 
Ti2p of TiO and Ti2O3 was at 455.4-455.8 eV and 457.2-457.6 eV respectively (Milosev 
et al., 2000) and were not seen on the Ti-6Al-4V surfaces in this study. 
Nitrogen peak (N1s) was not found on as polished surfaces, indicating nitric acid 
passivation did not incorporate nitrate into the surface oxides of the alloys. The peak was 
observed with medium and cells present. N1s peak of all conditions could be fitted with a 
single peak at BE~401 eV, indicating the nitrogen species present on the surface in this 
study was most likely the N-H, C-N types of compounds, which could be the absorption 
of proteins from medium. No signs of nitrite (~404-405 eV), nitrate (~407 eV) and metal 
nitrides (~396.5-397.4 eV) were found on any surface, means NO from activated cells 
was not incorporated into the metal oxide even with oxidation process occurring.  
The OCP data largely correlated to the changes in surface oxide observed from 
medium and cells releasing reactive chemicals. The OCP stayed the same over three days 
for Co-Cr-Mo for all conditions, indicating that the surface oxide of Co-Cr-Mo did not 
seem to change with time and test conditions. For Ti-6Al-4V for all conditions, OCP 
became more electropositive over three days, meaning the enhancement of the alloy 
surface oxide over time. The differences between the two alloys could be that Ti, which 




which is the main constituent of the Co alloy surface oxide. It is more likely to react or 
incorporate with other elements present in the environment (Tengvall 1989; Esposito 
1998; Suzuki 2000; Howlett 1999) and change on the surface more than Cr does.  
Also, the OCP results corresponded to what we observed in metal oxide atomic 
percentage from the surface analysis. The surface with medium showed least amount of 
oxide, and it was noticed that when both alloys incubated with medium, OCP was most 
electronegative (reactive surface) compared to the rest of two conditions. The high 
electronegative behavior with medium was reflected in its total charge transfer; metal 
plates covered with plain medium generated highest total charge transfer compared to 
experiments with non-activated cells and activated cells. The lack of cells in plain 
medium environment might account for the low OCP (high surface reactivity) because 
cells attaching to the surface might prevent proteins from removing metal ions at the 
surface. Protein was reported to accelerate corrosion process by binding with the released 
ions (Ti, Cr) (Hallab et al., 2000). The cell culture medium used in this study contained 
10% fetal bovine serum (3.5 wt % protein) and the effect of protein could be significant. 
The surface area exposed to protein in medium was higher compared to that with cells. At 
the double layer, ion concentrations were high and the bonding process of protein and ion 
changes the equilibrium and accelerated the dissolution process. Clark and Williams 
(1982) reported that the protein, serum albumin, increased the dissolution of Co, Cr, Ni, 
Cu. The bound protein underwent structural deformation and left the surface, replaced 
with another unbounded protein and the process repeats. Merrit and Brown (1988) 




caused more weight loss and ion release from stainless steel plates and screws during 
fretting corrosion. Presence of albumin selectively leached Ni out of stainless steel alloys.  
Both alloys, when incubated with cells became significantly more electropositive 
(less active surface) and, for Co-Cr-Mo, lower total charge transfers were measured as 
compared to the medium. The cell attachment, in addition to limiting the protein 
deposition, may limit oxygen diffusion to the surface. Less oxygen would lead to less 
oxidation-reduction reactions and thus less metal ion release and current flow. Also cells 
might act as a physical barrier for the ions to leave the surface (dissolution) or be 
removed by protein from the surface into solution. All these factors would result in less 
corrosion and metal ion release.  
The total charge transfer and total metal ion release from both alloys showed that 
when cultured with activated cells, they generated significantly less amount of corrosion 
current and metal ions compared to the other two conditions (medium and cells). Though 
the OCP study did not show any difference between non-activated cells and activated 
cells, OCP was only an indication of the ‘likelihood’ of a reaction. It might not reflect the 
real situation in the short study. The current and metal ion reduction with activated cells 
might be attributed to the enhancement of metal oxide by the released reactive species 
rather than the physical presence of cell mono-layer since activated cells did not 







Metal ions  
In this study, Co release was about four times higher that of Cr from Co-Cr-Mo 
after three days. Dorr et al. (1990) observed less Co (2 ppm) than Cr (12.5 ppm) in 
retrieved local tissue adjacent to Co-Cr-Mo hip implants, which was opposite from what 
we found. Hennig et al. (1992) also observed less Co (0.9 ppm) than Cr (3.5 ppm) in the 
tissue surrounding loose Co-Cr-Mo femeral shaft. The different environment (articulating 
in vivo system vs. non-articulating in vitro system), length of test, and surgical techniques 
(metal-on-metal or metal-on-plastic) could cause the difference in the amount of metal 
ion released (Sunderman et al. 1989).  
With Ti-6Al-4V alloy, Ti concentration was similar to V when incubated with 
medium but 2-4 times higher than V when with non-activated cells and activated cells 
after three days. Considering Ti makes up 90% bulk concentration and V makes up only 
4%, V was a more corrosive element compare to Ti. Dorr et al. (1990) saw more Ti in the 
fibrous tissue surroundig the Ti-6Al-4V hip implant than V (21 ppm Ti and 1 ppm V), 
also Lee et al. (2000) observed more Ti released into Hanks solution than V (50 ppb/cm2 
Ti and 2 ppb/cm2 V) after one day, which was similar to our study with non-activated 
cells and activated cells.  
With medium and cells, the released Co and Ti ion concentrations decreased over 
three days. Other ions seemed to decrease over time but not significantly. With activated 
cells, the amount of ion released did not seem to vary with time and was the lowest 
compared to with medium and cells. The decrease in metal ion release was thought to be 




from activated cells. Enhancement of the surface oxide over three days would lead to 
decreased corrosion as indicated by decreased total charge transfer and metal ion release. 
With activated cells, the amount of V release was reduced to 1/7 of that in medium and 
Co was 1/2 of that from medium. The significant decrease in the V and Co ion 
concentration with activated cells was attributed largely to the enhanced Ti and Cr 
surface oxides. The result of activated cells causing least metal ion release was consistent 
with their lowest total charge transfer. The ion release decreased over time was also 
found by other studies; Lee et al. (2000) found both Ti and V release decrease over time 
from acid passivated Ti alloy immersed in Hank’s-EDTA solution for all different 
treatments (nitric acid passivated, 400oC heat treated in air and aged in 100 oC water) 
over 16 days. The concentrations of Ti and V released on day 1 (~50 and 2 ppb/cm2 
respectively) in their study was higher than the concentration in this study (~0.5 and 1 
ppb/cm2 respectively). This may be due to different sterilization techniques and solutions 
used. Rae (1975) reported that Co-Cr-Mo particulate in cell culture medium released Co 
ion up to 3.4 ppm after one day and dropped to 1.7 ppm on day 2. The higher Co 
concentration compared to this study was mostly due to the use of metal particles instead 
of metal plates, which have lower surface area than particles. The Cr and Mo 
concentrations were below the detection limit (100 and 500 ppb) of the equipment used. 
Haynes et al. (2000) showed that artificially aged Co-Cr-Mo and 316L stainless steel 
particles (treated with acid) had less toxic effect on macrophages that ingested them as 
compared to the freshly produced particles. They reported particles with fresh surfaces 




Mu et al. (2000) showed that rat peritoneal macrophage cells activated by 
polyethylene particles released 10 times more H2O2 compared to non-activated cells. The 
H2O2 caused pure Ti disks to release more Ti4+ ions (45 ppb) over a 28-day test period 
than those without H2O2 (30 ppb). The report only showed data from day 7 to day 28 with 
no indications on the detail from day 1 to day 3. H2O2 is also release by the macrophages 
in present study, which implies that if the tests were run longer than three days, H2O2 
might result in disrrupted surface oxide and increased metal ion release.  
 
Activated Macrophage Cells and Their Effects 
The activated macrophage cells caused many differences compared to the two 
other conditions because they released nitric oxide (NO), hydrogen peroxide (H2O2) and 
superoxide (O2.) among other inflammatory factors. All these reactive species were 
thought to either further oxidize the surface (increase metal oxides and corrosion 
resistance) or disrupt the existing metal oxides and increase corrosion. The result of this 
study suggested that they further oxidized the surface in three days. Possible mechanisms 
could be that hydrogen peroxide, in ambient conditions, will reduce to water and oxygen 
(H2O2  H2O + ½ O2). The oxygen released might diffuse into the pores of the oxide and 
further react with the metal. Hydrogen peroxide also participates in the formation of 
hydroxyl radicals (OH.) in the presence of metal or metal ions (M /Mn+ + H2O2  
M+/M(n+1)+ +OH- + OH. ) (Tengvall et al., 1989). Metal oxide on the surface (especially 
transition metals such as Ti, Cr and V) could thus be further oxidized by hydrogen 




O=N-O-O.) or nitrate (O2. + NO NO3-). Peroxynitrite is a very reactive species which 
initiates oxidations and nitrations (Koppenol, 1998); nitrate (NO3-) may further passivate 
the metal surface (M + NO3- M=O + NO2-), which is why nitric acid is recommended 
for implant surface passivation in ASTM F86. Superoxide can also decompose into 
hydrogen peroxide when catalyzed by superoxidase dismutase (SOD) (O2- + O2- +2H+  
H2O2 +O2) and further oxidize metal and metal oxide as mentioned above. All these 
possible reactions could further increase metal oxide and possibly the oxide thickness; 
several in vivo and in vitro studies did demonstrate increases in oxide thickness after 
explantation (Arys 1998; Pan 1997; Sundgren 1985). Also, the possible mechanisms of 
reactive species reacting with metal surfaces would not cause any nitration of the surface 
metals, which is consistent with the findings from XPS surface analyses.  
The data from surface analysis by X-ray Photoelectron Spectroscopy (XPS) 
showed that the surface with activated macrophages present had a significant amount of 
metal oxide enhancement and helped to improve corrosion resistance in a short period of 
time compared to the other two conditions. The enhancement of surface oxide was 
attributed to the reactive species released by activated macrophages. Similarly Pan et al. 
(1998) found H2O2 treated surfaces, after culturing with osteoblast-like cells, had 
increased corrosion resistance. They suggested that it might be the cell deposit that sealed 
the pore of the porous outer surface oxide layer and provided more corrosion resistance. 
Other types of cells, including macrophages, may deposit extracellular matrix and mask 





Cellular Responses  
The number of non-activated cells increased after three days on glass controls and 
the alloys. The numbers of cells were higher on the test alloys as compared to that to the 
controls. Warner et al. (1988) reported that in the presence of IFN-γ, Pb, Ni and Zn ions 
at less than 82, 28, 30 ppb respectively were able to induce proliferation of mice spleen 
lymphocytes. Though different metal ions were present in this study, low concentrations 
of metal ions (5-20 ppb) might have the similar effect on cell proliferation. Wang et al. 
(1996) reported Ti and Cr ions at 10 and 100 ppb significantly increased the proliferation 
of blood monocytes / macrophages, whereas Co did not. Ryhanen et al. (1997) reported 
the proliferation of human osteoblasts (OB) and fibroblasts (FB) increased on several 
metal implant materials; nitinol, Ti and stainless steel. The proliferation of FB was 108% 
(Nitinol), 134% (Ti) (p < 0.02) and 107% (Stainless steel) compared to the control 
cultures. The proliferation of OB was 101% (Nitinol), 100% (Ti) and 105% (Stainless 
steel) compared to the controls. Grimsdottir et al. (1994) found that nickel leached from 
metallic orthodontic appliances stimulated proliferation of lymphocytes from some of the 
nickel-sensitive subjects. Bearden and Cooke (1980) reported Co (7.5-30 ppm) inhibited 
the fibroblast proliferation, but the Co concentration in our study was much lower (<0.1 
ppm) and might not have a significant effect on cell growth. Wataha et al. (1993) 
discovered that cell density might have effects on how fibroblast cells react to metal ions; 
at high density (8x104 /cm2), the sensitivity of fibroblast toward metal ion toxicity 
(including Co2+, Ti4+ and V3+) decreased. The cell seeding density in our study was 1x105 




Hallab et al. (2001) reported that Cr from Co-Cr-Mo alloy degradation 
demonstrated approximately 10-fold greater reactivity to activated lymphocytes than Ti. 
The effects of the alloys’ degradation products were greatest when the metals were 
complexed with high molecular weight proteins (approximately 180 kDa). Metal ions 
associated with protein, at low concentrations, could have positive effect on cell 
proliferation and viable macrophages could proliferate on a foreign surface as an immune 
response to the metal-protein complex. 
The number of activated cells (cultured with LPS+IFN-γ) did not seem to increase 
after three days, either on the control or on the alloys. They seemed to decrease after 
three days compared to the seeding density. The activated cells produced reactive species, 
which were toxic to cells. Cells may detach from the surface due to toxicity from reactive 
species and were later removed from the sampling process. Cell debris was often found at 
the bottom of the sample tubes. The majority of activated cells remained on the surfaces 
were alive and contained similar ATP concentrations (metabolic activity) compared to 
the non-activated ones and those on the controls.  
The majority of the non-activated cells and activated cells attaching to the 
surfaces of both alloys and the glass petri dish were shown to be viable. It was also 
noticed that non-activated cells had higher cell density on the surface than activated cells, 
both on the controls and the alloys. Wang et al. (1996) demonstrated that blood 
monocytes / macrophage cells exposed to Co, Cr and Mo from 0.01-100 ppb did not 
reduce cell viability by trypan blue exclusion and did not introduce cell injuries and cause 




this study with the presence of non-activated cells and activated cells, the amounts of 
metal ions were at least 100 times lower than the 50% cytotoxicity concentration (ion 
concentration at which 50% of the extent of toxicity was observed) defined by Puleo and 
Huh, (1995), (Ti4+=4ppm, Al3+>25ppm, V5+=2ppm, Co2+=10ppm, Cr6+=0.6ppm, 
Mo6+>25ppm) and therefore were not expected to be toxic.  
Haynes et al. (2000) concluded that passivated Co-Cr-Mo and 316L stainless steel 
particles released and exhibited lower toxic effects when ingested by macrophage cells as 
compared to fresh particles. This was because they saw these macrophages were able to 
release more pro-inflammatory cytokines (IL-6 and PGE2). The macrophage cells in this 
study, exposed to low concentrations of metal ions, were able to release IL-1β and NO at 
concentrations similar to controls, indicating low concentrations of metal ions were not 
toxic to the cells and cells were as viable and functional as the controls.  
Nichols and Puleo (1997) reported sublethal concentrations of metal ion release 
(Cr, Mo, Ti and V) did not affect osteoclast proliferation (protein content) but inhibited 
its osteolytic activity; the osteoclasts caused less resorption area on the bones with 
increased metal ion concentration. Thus they proposed, instead of inhibiting osteoclast 
activity, metal ions inhibited osteoblasts and thus the ability of bone to regrow and repair.  
The SEM images showed that after three days, non-activated cells seemed to 
cover the metal surface more than the activated cells. This was consistent with the result 
from the cell count and Live/Dead tests that the non-activated cells proliferated more than 
the activated cells over the course of the test. The activated cells did not attach to the 




many steps of changing solutions and rinsing. Even with extreme care, part of the cell 
population was probably removed from the surface. Thus SEM was not a good way to 
quantify cell numbers.  
Qualitatively speaking, non-activated cells had more globular shape and smoother 
surface. They seemed to have more surface projections (membrane processes) attaching 
onto the metal and glass surfaces compared to the activated cells. Walkers et al. (1974) 
had similar findings. Activated cells seemed larger (Loike et al., 1979), more elongated 
and with more surface extensions but less membrane processes attaching to the substrates 
compared to the non-activated ones. Again, this was also similar to the result found by 
the Waters et al., 1975. They used rabbit alveolar macrophages incubated with 5 ppm V 
ion for 20 hours, and they found the activated macrophages had less membrane 
attachment, and viability was reduced by 10%. The metal ions in this study were much 
lower than 5 ppm (max ~ 50 ppb) and thus was not believed to be toxic to the non-
activated cells, but morphological change after stimulation could be similar. 
The Live/Dead test showed high viability of non-activated cells and activated 
cells on both glass controls and test alloys  and at the same time the cells exhibited the 
morphology that was seen from previous studies. Cells had same viability and regular 
morphology on both controls and metals was attributed to the low doses of metal ions 
detected in the supernatant, way lower than 50% toxicity concentrations. These alloy 
plates are not stimulatory to the macrophage cells and are known in general to be well 




The intracellular ATP concentrations were not different between controls and 
metal alloys, neither between non-activated cells and activated cells. Concentrations of 
ATP were similar to that of non-activated macrophages reported by Loike et al. (1979), 
which was around 5x10-16 moles per cell. They reported intracellular ATP in resident 
macrophage was near 5x10-16 mole/cell and 12x10-16 mole/cell in activated cells. This 
again demonstrated the non-toxic and biocompatible natures of the alloys. 
Previous studies regarding intracellular ATP concentrations in activated 
lymphocytes varied. Crouch et al. (1993) reported LPS+IFN-γ activated cells had more 
intracellular ATP than non-activated cells. On the other hand, Bradbury et al. (2000) and 
Moss et al. (2001) have shown the opposite; more viable and proliferating cells had 
higher intracellular ATP concentrations compared to the LPS+IFN-γ activated cells and 
cells undergoing apoptosis. Armstrong et al., (1991) did a study on the hamster ovary 
cells under chemical treatments and concluded that ATP in treated cells varied over time 
and was dose dependent. Changes were likely due to the metabolic perturbations or 
altered cell biomass. Depending on the design of the experiment and time of 
measurement, ATP concentrations are hard to compare between laboratories. Loike et al. 
(1979) also reported that ATP concentration was not a good indication of cell activation 
(phagocytosing mouse peritoneal macrophages) because their study found ATP in 
macrophage cells during ingestion had not changed, but its specific activity was 40% 
lower than controls. The phagocytosing cells, instead of using ATP as energy source, 
used creatine phosphate as an alternate energy source. Oosting et al. 1991 demonstrated 




exposed to ozone (O3 in PBS solution), ATP increased. This indicated ATP 
concentrations did not exactly correlate to macrophage activation. ATP might have 
increased at some point of time but was later depleted by the presence of H2O2. Depletion 
of cellular energy stores by oxidants generated during inflammation in vivo may be a 
means by which the inflammatory response is self-limited (Sporn and Peters-Golden, 
1988). In this study, H2O2 might have depleted ATP in activated cells such that no ATP 
increase was observed compared to non-activated cells at the end of the tests, or, it was 
because macrophages were using the alternate energy source rather than ATP. For a 
complicated system factors like different surfaces, the released metal ions or even the 
imposed voltage could have effects on ATP concentrations as well.  
Nitric oxide is synthesized by NO synthase (NOS) inside cells and diffused freely 
across the membrane. It is quickly consumed around cells that secrete it due to its highly 
unstable nature and acts as a paracrine or autocrine. It has been known to be one of the 
neurotransmitters of some motor neurons of the parasympathetic nervous system; it can 
mediate inflammation and act on endothelial cells to cause increased local blood flow 
(Bevilacqua, 1993) to facilitate the delivery of leukocytes. More recently, NO produced 
by the osteoblasts has been proposed to promote bone resorption by osteoclasts (van’t 
Hof and Ralston, 1997; Riancho et al., 1995). Only the activated cells released NO. NO 
was detectable at day 1 and increased over time. The activated cells were not suppressed 
or further activated by the test alloys or the released metal ions when compared to the 
controls. Besides the low concentrations of released metal ions, activated cells did not 




glass). The non-activated macrophage cells did not release NO at all and were not 
activated by the metal surfaces and low dose of metal ions. Metal ion concentrations 
could increase over time (Mu 2000) by accumulating locally. Higher concentrations of 
metal ions may eventually activate macrophage cells to release NO (Wataha et al. 1995 
and 1996). 
Though NO release by macropahge cells does not directly cause oxidization and 
changes of surface oxide, it was measured in this study for the sole purpose of ensuring 
cell activation over three days. Hydrogen peroxide and superoxide are known to be 
released by this cell line (Raw 264.7) as long as cells were activated. Unlike O2- and 
H2O2 which concentrations were reported to be low and decrease to almost zero within 5-
10 hrs, amount of NO release was higher and its product NO2- remains stable in solution 
and could be measured over three days. Pfeiffer et al. (2001) reported LPS+IFN-γ 
activated macrophage (Raw 264.7 cell line) released maximum amount of 125 
pmole/min/mg cell of NO within one day, compared to 15 pmole/min/mg cell of O2- and 
2 pmole/min/mg cell of H2O2. In this study, significant enhancement of metal surface 
oxide was observed in the period of three days with the release of nitric oxide, hydrogen 
peroxide and superoxide; though the exact mechanisms remain unknown. The changes of 
the surfaces resulted in a decrease in the amount of metal ion release and the decrease in 
corrosion over three days.   
IL-1β is a major mediator of the host inflammatory response in innate immunity. 
It acts on fibroblasts to regulate their proliferation and induces vascular endothelial cells 




amount of IL-1β released by non-activated cells remained low (<10 pg/ml) and did not 
increase over time. With activated cells, the IL-1β concentration in the supernatant 
increased over three days. The release of IL-1β from activated cells was generally low 
the first day, almost the same as non-activated cells. But in day 2 and day 3, the amount 
of IL-1β increased significantly compared to day 1. Interestingly, activated cells seemed 
to release more IL-1β on the metal surface compared to the control (glass surface). This 
could be due to the low concentrations of metal ions according to Wang et al., 1996. 
They demonstrated that non-activated blood macrophage cells did not release more IL-1β 
in the presence of metal ions (Ti, Co and Cr from 0.01-100 ppb) compared to the controls 
(no metal ions). However, activated macrophages secreted 1.2 and 1.3 times more IL-1β 
in the presence of metal ions (100 ppb Ti and 100 ppb Cr, respectively) than 
macrophages from the control cells. This is consistent with our finding that activated cells 
release more IL-1β when cultured on alloys compared to those on the glass.   
In general, non-activated macrophage cells growing on the alloys’ surfaces 
showed similar viability, morphology, metabolic state (intracellular ATP concentration) 
and higher proliferation when compared to controls. The results seem to indicate that the 
tested alloys were compatible with non-activated macrophage cells. As a matter of fact, 
these alloys have long been used for implant applications and are considered very 
biocompatible.  
In three days, non-activated macrophages growing on alloys did not show any 




adapted to the alloys’ surfaces (good viability). Release NO and the IL-1β concentrations 
were low and similar to that from the controls.  
For LPS + IFN-γ activated macrophages growing on alloys, the cells had 
decreased proliferation and different morphology than the non-activated cells. Even so, 
they remained viable on the surface and their intracellular ATP concentrations were 
similar to those of non-activated cells, which were similar to the findings of Loike et al., 
1979.  
On average, activated cells released more IL-1β per cell on the alloy surfaces than 
the control on day 3. One possible reason is that the metal surfaces and release metal ions 
might have a synergistic effect with LPS + IFN-γ on the release of pro-inflammatory 
cytokines. But the activated cells did not seem to release more NO/cell on the alloys than 
the controls, meaning the metal surface and low dose of released metal ions did not affect 
NO release from activate the cells. With further enhance metal oxides and reduced 
corrosion with activated cells, alloys were not expected to release more metal ions and 








CONCLUSIONS AND FUTURE WORK 
 
The hypothesis that macrophage cells and their released inflammatory compounds 
have effects on the two alloys was supported by the results of this study. The results 
demonstrated that cells had significant effects on surface composition, ion release and 
thus corrosion properties of Co-Cr-Mo and Ti-6Al-4V implant alloys. Especially with 
activated cells, which release reactive oxygen and nitrogen species, the effects were even 
more profound. The release of reactive species by the cells enhanced alloy surface 
oxides, which reduced metal ion release and corrosion in three days.  
The alloys and the low concentration of ion release did not seem to affect the 
growth, viability, morphology or intracellular ATP concentrations of non-activated 
macrophage cells. When cultured on alloys, the cells were not activated to release NO or 
significant amounts of IL-1β. These two metal alloys could be considered highly 
biocompatible with non-activated macrophage in vitro. Similarly, the alloys and low 
concentrations of released metal ions were well tolerated by the activated cells though 
increased IL-1β was measured with the alloys as compared to glass controls. Though in 
three days the alloys and their released metal ions did not significantly change the 
95 
 
functions of either non-activated or activated macrophages as it was hypothesized (the 
alloy corrosion products further activate the macrophage cells and induce more 
inflammatory reactions), longer studies are needed to further evaluate this issue.  
Several things are worth trying to further investigate with regard to the 
interactions between the cells and the materials; 
1. Longer testing periods. The three-day tests seem short and might not simulate 
real long-term metal behaviors properly.  
2. Observation of surface oxide structure and thickness with SEM. Observation of 
the section perpendicular to the surface might give a better perspective about the 
structural change with different culture conditions. 
3. Experiments with primary human macrophage cells. Transformed mouse tumor 
macrophage cells might not reflect the real behavior of human primary macrophage cells. 
4. Evaluate corrosion behaviors at micro levels- pH, O2 and released chemicals 
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